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Chapter I 
INTRODUCTION 

I 
The single-stranded DNA phages 
Bacteriophage IKe, the subject of this thesis, is a member of the 
bacterial viruses that contain a circular covalently closed single-stranded 
DNA genome. These bacteriophages belong to the smallest DNA viruses known. 
They have a genome size varying from 5000 to 7000 nucleotides on which only 8 
to 10 genes are located. Because of their small genome size and consequently 
their limited codogenic information, the replication and expression of their 
genomes is mainly determined by host-encoded functions. For this reason these 
phages have succesfully been used during the last decade as model systems to 
unravel the mechanisms of DNA replication and gene expression and to identify 
the enzymatic role of the various host-encoded proteins in these processes. In 
addition they have been used for the study of the mechanisms of protein 
transport into or across membranes and for the construction of versatile 
cloning vectors. 
The single-stranded DNA phages consist of two major classes, -i.e.. the 
icosahedral or isometric phages and the rod-shaped filamentous phages. 
Bacteriophage IKe is a representative of the filamentous phage group. For a 
proper understanding of the studies presented in this thesis, a brief survey 
of the biology of these phages will be given. 
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The filamentous phages 
The filamentous phages can be distinguished from the isometric phages by 
several criteria such as morphology, life-cycle and host range. Filamentous 
phages consist of a circular single-stranded DNA genome encapsulated in a long 
slender protein coat of about 6 nm in diameter and 800-2000 nm in length (1). 
In contrast to the isometric phages, these viruses do not kill nor lyse their 
host cell but instead, during the infection cycle, a delicate balance between 
virus replication and host cell metabolism is established. Within the infected 
cells no mature virus particles are formed, instead concomittantly with 
assembly the virion is extruded through the host cell membrane (2). Because 
phage infected bacteria grow at a slower rate than uninfected cells, 
filamentous phages can be identified by the formation of small turbid plaques. 
Filamentous phages can only infect bacterial cells which carry specific 
pili. These pili are rod-like apendages present in a few copies and are 
located on the surface of the host cell. They are composed of a single protein 
subunit (pilin) encoded by conjugative plasmids and are involved in the 
formation of cell to cell contact during the process of bacterial conjugation. 
In addition they often serve as receptors for the attachment of several 
classes of bacteriophages including the filamentous phages (3). On the basis 
of their specificity for pill encoded by different conjugative plasmids, the 
filamentous phages can be divided into several groups (see Table 1). 
Bacteriophage IKe, the subject of this thesis, is specific for ¿-осАел-сс/г-са 
co£í cells harboring plasmids of the N-incompatibility group (IncN) and is 
therefore called N-specific. The closely related filamentous phages M13, fd 
and f 1 are specific for £. CO£-L cells expressing pili encoded by the classical 
sex-factor F (F-specific filamentous phages or Ff). A second classification of 
the filamentous phages is based upon the structure of the virion as determined 
by X-ray diffraction studies (4,5). In class I viruses the single-stranded DNA 
is present as a right-handed helix with the bases of the two antiparallel DNA 
strands directed towards the virion axis. Filamentous phages which belong to 
class IT have their bases of the single-stranded DNA ring directed away from 
the structure axis (inverted DNA or I-DNA) (6). 
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Phage Host Inc-specificity references 
M13, fd, f l 
(ZJ/2 , AE2, 
Ec9, HR, 6A) 
£ ісЛел-ссА-іа coli (51-58) 
I f l , PR64FS ¿òcAesbi-ch-tu CO£L 
SaJmoneÂia LyphuMwu-um 
(59,60) 
IKe 
Suùnon.e.i£.a ¿урк-тил-шт 
N,12,(Ρ) (7) 
12-2 €лсАе./і4.спл.а COLL 
Salm.one.PAa typh-um/u-im 
12 (61) 
C-2 
Sa£moneJJ.a tqрКипи/имт 
Ріоілио шлаЬі.£и> 
5елл.аі±а тад.ае.осел.і 
(E.Ach&'u.clii.a co£.¿) 
(62) 
EicJiesu.cJu.a COLL 
SaònoneJJLa typhuimi/U-um X,M,N,P-1 
Se.niiœLLa тапся-Асяло U,W,I2 
(63) 
Pfl РлеисІотопаА ojeMuq-isLOAa (64) 
Pf3 T-'/>e.udomon.a¿ aemig-mo-ia P-l (65) 
Xf XanJJwmonasi oiyzae. (66) 
Cf Xanthomonaò cíínu. N.D. (67) 
v6 VjAnj-0 paJwhaemotyLLciiA N.D. (68) 
Table 1. Currently known filamentous phages, their hosts and Inc-specificity. 
N.D. not determined. 
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Bacteriophage IKe 
Bacteriophage IKe has been isolated in 1972 from unchlormated sewage and 
was characterized in some detail by Kathoon eJ. ai (7). The virus particle is 
6.6 nm wide and 900-1300 nm long and contains a single-stranded DNA genome. 
Initially the phage has been isolated using as a host a strain of Sulmowzlia 
iyph-imu/bLum bearing the transmissible drug-resistance factor RM98. Loss of 
this R-factor resulted m loss of IKe infectivity, indicating that the ability 
to infect the host cell was a plasmid encoded function. Transfer of this R-
factor to E.CO-LÌ. made these cells susceptible to IKe. Infectivity tests using 
a large number of different R-factors indicated that IKe sensitivity defined a 
new class of sex-factors which was classified as the N-conjugation or N-
incompatibility group (8,9). Plasmids of this group are stable and transfer at 
high frequency in £ліело^асІ£Уи.асе.ае. whereas they transfer at low frequency 
and are unstable in the non-£niesiolLaci£/Lta(ie.a£ (10). 
Although it was known that the conjugative plasmids of the F and I 
incompatibility groups coded for specific pili which served as receptors for 
the filamentous phages M13 (fd, fl) and Ifl, respectively, until recently it 
was not clear whether IncN plasmids also specified pili. In fact the search 
for the existence of N-pili was initially unsuccesfull thus leading to the 
assumption that these plasmids did not determine pili at all and consequently 
that, for infection, bacteriophage IKe made use of another receptor (11). It 
was not until 1979 that Bradley could demonstrate the existence of N-pili 
(12,13). These N-pili were found to be straight inflexible rods, 9.5 nm thick 
and sharply pointed at their distal end. They are very easily detached from 
the cell and readily broken into short pieces. Bradley has demonstrated that 
bacteriophage IKe absorbs to the tip of the N-pili indicating that the latter 
serve as receptor for this phage. 
IKe is not strictly N-specific. Recently it has been shown that IKe 
phages are capable of infecting £. co-l-t cells harboring plasmids of the 12 
incompatibility group (14). In addition, IKe mutants have been described 
which form plaques on bacteria containing IncP plasmids (15,16). These data 
suggest that the pilin subumts encoded by IncI2, IncP and IncN plasmids are 
evolutionanly related. This is supported by the fact that 12-, P- and N-pili 
have the same rigid morphology and by the fact that the pilus-specific phages 
PRDl and PR4 (which belong to a different group of phages and which absorb to 
the shaft of the pill) are N as well as Ρ specific (17). 
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Although bacteriophage IKe has widely been used as a probe for the 
detection and classification of IncN plasmids, virtually nothing is known 
about the molecular biology of this phage. Hitherto, the only studies dealing 
with IKe have been those concerning the structure of the virion (4,18). At the 
time the studies described in this thesis were initiated, it was not clear 
whether there existed an evolutionary relationship among the different groups 
of filamentous phages. The only group which was studied in great detail was 
that of the F-specific filamentous phages, notably M13, fd and fl (Ff). The 
nucleotide sequences of these phages has been established, and comparison of 
these sequences has demonstrated that they are almost identical (19-
22). Because it turned out during our investigations on IKe (this thesis) that 
much what is known about Ff also is valid for IKe, in the following paragraph 
a short review of the life-cycle of the Ff-phages will be given. For more 
detailed information concerning Ff, the reader is referred to the vast amount 
of literature dealing with these phages (1) or to the introductions of the 
various chapters of this thesis. 
The F-specific filamentous phages (bf) 
The Ff virion consists of a circular smgle-stranded DNA molecule of 6407 
(M13, fl) or 6408 (fd) nucleotides encapsulated in a cylindrical sheet 
composed of approximately 2700 copies of the major coat protein (B protein) 
encoded by gene VIII (23,24). In addition, at the tips of the virion several 
minor capsid proteins are located. One tip contains five molecules each of the 
gene III and gene VI proteins (A and D proteins), whereas at the opposite end 
five copies each of the gene VII and gene IX proteins (together called С 
protein) are located (25,26). Attachment of the phage particle to its receptor 
is mediated by gene III protein, possibly in conjunction with gene VI protein 
(27). Analysis of the orientation of the single-stranded DNA within the 
tubular coat has indicated that its orientation is fixed and that a particular 
DNA region termed the intergenic region (see below), always is located at the 
virion tip containing the С protein (28 ). 
The Ff genome contains 10 genes which are functionally clustered on the 
DNA genome (Figure 1). The first cluster consists of 5 genes which code for 
capsid proteins (see above). The products of genes II and V and possibly also 
gene X are involved in the DNA replication process. Replication of the single-
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Figurel. Circular genetic map of Ff (M13)· The genes are numbered with Roman 
numerals and the direction of transcription is indicated. IR stands for the 
intergenic region. The unique cleavage site of restriction endonuclease Hindll 
is indicated by an arrow. 
stranded DNA genome can be divided into three stages (29). First, immediately 
after infection, the parental single-stranded viral DNA is converted into a 
double-stranded replicative form DNA (RF), a process which is entirely 
dependent on host encoded functions and which is initiated at a specific site 
((-)-origin) present in the intergenic region (IR, Figure 1). Next, the 
parental RF is replicated many times according to a rolling-circle mechanism, 
yielding a large pool of progeny RF molecules. For RF replication the virus 
encoded gene II protein is required (30-32). Gene II protein introduces a nick 
at a specific position ((+)-origin) in the viral strand, thereby creating a 
З'ОН end which serves as primer for replication by DNA polymerase. Gene II 
protein is also involved in termination of viral strand replication. After one 
round of replication it again cleaves the displaced viral strand at exactly 
the same position and seales the resulting molecules yielding a covalently 
closed single-stranded viral DNA and a double-stranded RF molecule both of 
which again can undergo the replication process described above. Late in 
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infection, when sufficient gene V protein has accumulated in the infected 
cell, RF replication is switched to synthesis of single-stranded progeny DNA 
(33). Gene V protein is a phage-encoded single-stranded DNA binding protein 
(ЗА,35), that by binding to the single-stranded progeny viral DNA , prevents 
the synthesis of the complementary (-) strand. The resulting rod-shaped 
nucleoprotein complex then moves to the host cell membrane where maturation of 
the virus particle takes place concomittant with phage extrusion. In thus 
process the gene V protein which is present in the nucleoprotein complex is 
substituted by major caot protein molecules which have assembled in the 
membrane. During this process the minor coat proteins, which are probably also 
present in the membrane, are deposited at the tips of the virus particle. This 
extrusion process seems to be the reverse of the infection process i.e.. the 
virion end containing C-protein is extruded first whereas the extrusion 
process is terminated by the A- and D-protems (36). The products of gene I 
and IV are needed for phage maturation but their exact role m this process is 
still unknown. Besides the phage encoded gene I and IV proteins, at least one 
host-encoded protein -¿.e. the £ip protein, is also actively engaged in the 
phage morphogenesis process (38). 
The nucleotide sequences specifying the origins of replication of the 
viral as well as of the complementary DNA strand, termed the ( + )- and (-)-
origin, respectively, are located close to one another in a part of the Ff 
genome that does not code for protein and which is therefore called the 
intergemc region (IR) (38). This region also contains a specific DNA sequence 
(morphogenetic signal) required for efficient packaging of the viral DNA into 
phage particles (39). 
Expression of the Yt genome is regulated both at the level of 
transcription as well as translation. With respect to the transcription 
activity, the genome can be divided into two domains; the frequently 
transcribed domain encompassing genes II, X, V, VII, IX and VIIT, and the 
infrequently transcribed domain encompassing genes III, VI, I and IV (Figure 
1). Transcription of the first region is accomplished by a cascade 
transcription process in which transcripts are initiated at a number of 
different sites and terminated at the sane /гЛо-independent transcription 
termination signal located behind gene VITI (40,41). Fxpression of the second 
domain is accomplished by a number of minor RNA species which are initiated in 
front of genes III and IV and which are terminated by /гЛо-dependent 
transcription termination signals located in gene I and in the IR (42-44). 
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Expression of the Ff genome is also regulated at the level of 
translation, although the mechanisms involved in these regulations are not yet 
unequivocally clarified. It has been clearly shown, for instance, that the 
expression of gene II protein is regulated by gene V protein (45,46). Also the 
fact that genes VII and IX are frequently transcribed but the protein products 
of these genes are hardly detected in the infected cell, strongly suggests 
that the expression of these genes is predominantly regulated at the 
translation level. 
The finding that heterologous DNA, both V-LO. AJÍ υ-ίυο as well as ¿л ІІЛО 
recombination, can be inserted into the viral genome without destroying phage 
viability, has resulted in the construction of various Ff derived cloning 
vectors (47). Because the DMA cloned in these vectors can be obtained in a 
single-stranded form (from phage-particles), these vectors have found wide use 
in a large number of molecular biological techniques such as DNA sequencing, 
site-directed mutagenesis and molecular hybridization (48-50). 
Outline of this rhesis 
Although the Ff-phages have been extensively studied during the past 
decade, virtually nothing is known about their evolutionary relationship to 
filamentous phages specific for pill encoded by plasmids of other 
incompatibility groups. Because comparative studies may deliver important 
contributions to our understanding of the fundamental life-processes such as 
DNA replication and gene expression at the molecular level, we have initiated 
a study of the structural and functional organization of the N-specific 
filamentous coliphage IKe. This phage has been chosen because it has, similar 
to the Ff-phages, L¿>ch£ju.ch-ui coL·. as host. We anticipated that a detailed 
comparison of IKe and Ff not only would deliver insight m the evolutionary 
relationship between these phages but more importantly that these studies 
would enable us to identify and to characterize those domains in a nucleic 
acid or protein which are responsible for the performance of its distinct 
biological functions during the life-cycle of the filamentous phage. 
As a first step towards the elucidation of these structure-function 
relationships, the nucleotide sequence of the IKe gene that encodes a single-
stranded DNA binding protein was elucidated. In addition the DNA binding 
properties of this protein were established and its structural and functional 
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properties were compared with those of the single-stranded DNA binding protein 
encoded by the Ff genome. The results of these studies are presented in 
chapter II. 
The entire nucleotide sequence and genetic organization of the IKe genome 
and a detailed comparison with that of the Ff genome is presented in chapter 
III. Chapters IV and V deal with the role and specificity of the gene II 
proteins and the nucleotide sequences of the replication origins of IKe and Ff 
in the processes of initiation and termination of viral strand replication. 
In chapter VI the construction and properties of a novel 
cloning/sequencing vector-plasmid is described which contains the viral strand 
replication origins of both IKe and Ff. Using this vector it is possible to 
selectively obtain either strand of a cloned DNA fragment in a single-
stranded form, thus permitting sequence analysis of both DNA strands. For the 
construction of this vector use was made of the specific DNA replication 
properties of IKe and Ff as described in chapters IV and V. 
Studies on the regulation of expression of genes V, VII and IX of phage 
IKe are described in chapter VII. For these studies, with the aid of site-
directed mutagenesis, conditional lethal mutants of each of these genes have 
been constructed. 
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ABSTRACT 
A DNA binding protein encoded by the filamentous single-stranded DNA 
phage IKe has been isolated from IKe-infected ¿-ьсАел-исА-са ccí-t cells. 
Fluorcscense and ui ^іло binding studies have shown that the protein binds 
co-operatively and with a high specificity to single-stranded but not to 
double-stranded DNA. From titration of the protein to poly(dA) it has been 
calculated that approximately four bases of the DNA are covered by one monomer 
of protein. These binding characteribtics closely resemble those of gene V 
protein encoded by the F-specific filamentous phages M13 and fd. 
The nucleotide sequence of the gene specifying the IKe DNA binding 
protein has been established. When compared to the nucleotide sequence of gene 
V of phage M13 it shows an homology of 58%, indicating that these two phages 
are evolutionanly related. 
The IKe DNA binding protein is 88 amino acids long which is one amino 
acid residue larger than the gene V protein sequence. When the IKe DNA binding 
protein sequence is compared with that of gene V protein it was found that 39 
amino acids residues have identical positions in both proteins. The positions 
of all five tyrosine residues, a number of which are known to be involved in 
DNA binding, are conserved. Secondary structure predictions indicate that the 
two proteins contain similar structural domains. It is proposed that the 
tyrosine residues which are involved in DNA binding are the ones in or next to 
a 3-turn, at positions 26, 41 and 56 in gene V protein and at positions 27, 42 
and 57 in the IKe DNA binding protein. 
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INTRODUCTION 
In living cells, DNA-protein interactions play a fundamental role in a 
large number of processes, in particular in the control of DNA replication 
and the coordinate regulation of gene expression. In additnon a variety of 
proteins play a crucial role in manipulating the shape of the DNA molecule. 
One of the best studied examples of protein-nucleic acid interactions is 
that of gene V protein, encoded by the F-specific filamentous phages M13 and 
fd, with smgle-stranded DNA (Alberts et at., 1972; Oey & Knippers, 1972). 
Gene V protein (GVP) is made in approximately 100,000 copies per infected 
¿¿chejLLctuju. COLL cell (Alberts et at., 1972). This protein, which binds 
strongly and co-operatively to single-stranded viral DNA, is needed late in 
infection for the transition of replication of double-stranded replicative 
form DNA to the asymmetric synthesis of single-stranded viral DNA (Salstrom & 
Pratt, 1971; Mazur & Model, 1973; Mazur & Zinder, 1975). Up to 200 circular 
single-stranded viral DNA molecules accumulate in the infected cell in the 
form of rod-like structures consisting of DNA-GVP complexes (Ray, 1977). 
Finally, the viral progeny DNA passes through the bacterial envelope, the GVP 
being displaced by the virion coat protein, which was stored m the membrane 
and which now forms a sheath around the merging DNA. 
GVP has a molecular weight of 9666 and it is composed of 87 amino acids 
of known sequence (Cuypers et at., 1974; Nakashima et at, 1974). When free in 
solution GVP exists predominantly as a dimer (Cavalieri et at . , 1976), and 
binds with a stoichioraetry of approximately four bases per monomer (Oey & 
Knippers, 1972; Alberts et al., 1972; Pratt et at., 1974; Pretorius at at ., 
1975; Anderson et at . , 1975; Cavalieri et at ., 1976). Nuclear magnetic 
resonance and fluorescense studies have shown that in the binding of GVP to 
DNA both aromatic as well as basic amino acid residues are involved (Pretorius 
et al., 1975; Colemann et al., 1976; Garssen et at., 1977,1978,1980; Alma et 
al., 1981a,b,1982). The binding is highly co-operative presumably as a result 
of strong protein-protein interactions between adjacent protein molecules. 
On the basis of X-ray diffraction studies (McPherson et at . , 
1979,1980a,b) it has been proposed that GVP contains an extensive cleft region 
by which the DNA is bound. The interior of this groove contains a number of 
basic amino acid residues which might serve to draw the polynucleotide 
backbone into the cleft. Arrayed along the edges of the groove are a number of 
aromatic amino acid residues that are in position to stack upon the bases of 
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the DNA and fix it in place. Hitherto these studies did not answer the 
question which of the aromatic and basic amino acid residues of GVP are 
actually involved in the binding process, and what role specific amino acid 
residues might play in protein-protein interactions such as dimer formation 
and co-operativity. 
Studies on single-stranded DNA binding proteins with identical functions 
but with a different evolutionary history might help to clarify some of these 
questions. For this reason we have isolated and characterized the single-
stranded DNA binding protein encoded by bacteriophage IKe, a coliphage which, 
as demonstrated elsewhere (Peeters ei, ai., 1985; Chapter III) is 
evolutionarily related to the F-specific filamentous phages M13, fd and fl. 
Bacteriophage IKe is a filamentous single-stranded DNA phage which has a 
similar if not identical life cycle as the F-specific DNA phages. It 
specifically infects enteric bacteria harbouring plasmids of the N-
incompatibility group (IncN). The virion is composed of a circular single-
stranded DNA molecule of about 7000 nucleotides encapsulated in a tubular 
protein coat of 6 nm width and a length of about 1100 nm (Kathoon eJL cui., 
1972). Despite differences in length and host-specificity of the virions, and 
different amino acid sequences of their major coat proteins. X-ray diffraction 
studies have indicated that IKe has a similar molecular architecture as the F-
specific filamentous phages and the I-specific filamentous phage Ifl. 
Different arrangements of protein subunits and single-stranded DNA have, 
however, been found for the filamentous single-stranded DNA phages infecting 
Vozudomona-b ae./iuginoòa (Pfl and Pf3) and ХапіЛотогші o/iyzae. (Xf) (Marvin et 
al., 1974a, b). 
In this paper the isolation and characterization of the phage IKe-encoded 
single-stranded DNA binding protein will be described. In addition, we report 
the nucleotide sequence of the gene specifying this DNA binding protein. With 
the data obtained a detailed comparison of the primary and secondary structure 
of this protein with that of GVP could be made which, in turn, enabled us to 
predict the tyrosine-containing domains in both proteins involved in DNA 
binding. 
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MATERIALS AND METHODS 
(a) Materials 
Polydeoxyadenylic acid was from Boehnnger, Mannheim. The synthetic 
oligonucleotide primer 5'-dG-T-A-A-A-A-C-G-A-C-G-C-C-C-A-G-T-G-3', which is 
complementary to 18 bases directly preceding the region containing the 
multiple restriction sites in the M13 vectors M13mp8 and M13np9 (Vieira & 
Messing, 1982), was constructed by Dr J. van Boom and co-workers (Department 
of Organic Chemistry, Leiden University). All other materials used were of 
reagent grade and purchased from sources given previously (Konings, 1980). 
(b) Bacteria and phages 
Bacteriophage IKe and its host £. coi¿ JE2571/N3 (Bradley, 1979) were 
kindly provided by Dr D. E. Bradley, St. Johns, Newfoundland. M13 wild-type 
was from our own collection. 
The conditions for IKe phage propagation and purification were identical 
to those described for phage M13 (Van den Hondel eÁ al., 1976). 
(с) Isolation and purification of IKe DNA 
Single-stranded phage DNA was isolated from purified IKe phage as 
described for M13 (Van den Hondel ei ed., 1976). 
Replicative form DNA (RF DNA) was isolated from IKe-infected cells by the 
method of Birnboim & Doly (1979) which was adjusted to encompass large volumes 
(4 1). RF DNA was further purified by ethidium bromide/cesium chloride buoyant 
density centrifugation. 
(d) Polyacrylamide gel electrophoresis 
Fractionation of proteins was performed on Polyacrylamide slab gels (14 
cm χ 12 cm χ 0.2 cm) containing 15% (w/v) acrylamide, 0.4% (w/v) 
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bisacrylamide, 8M urea, 0.1% (w/v) sodium dodecyl sulphate and 2 mM glycine, 2 
mM EDTA and 0.1% sodium dodecyl sulphate in 10 mM Tris-HCl (pH 8.9). Prior to 
electrophoresis the protein samples were dissolved in cracking buffer 
(Konings, 1980) and heated for 3 min in a boiling waterbath. After 
electrophoresis for 5 h at 220 V, the gels were fixed and stained with a 
solution of 50% (v/v) methanol, 7.5% (v/v) acetic acid and 0.2% (w/v) 
Coomassie brilliant blue, and destained by immersing the gels for several 
hours in a solution containing 10% (v/v) methanol and 7.5% (v/v) acetic acid. 
(e) Isolation of the IKe-encoded DNA binding protein 
E.coL· JE2571/N3 was grown at 370C in A 1 of culture medium consisting of 
1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) glucose. At a density 
of 2 χ 10B cells/ml, the culture was infected with IKe phage at a 
multiplicity of 10. The phages were allowed to adsorb to the bacteria for 10 
min without shaking. Subsequently, shaking was continued for 4 h at 370C. The 
infected cells were collected by centrigugation and resuspended in 2 vol. 
lysis buffer (20 mM Tris-HCl (pH 8.1), 1 mM EDTA, 1 mM 2-mercaptoethanol and 2 
M NaCl). Cells were broken by five 3-min periods of sonic irradition at 0 to 4 
0C using a Branson sonificr. To remove cell debris the lysate was centrifugad 
for 30 m m at 12,000 revs/min in a Beekman JA-14 rotor. To the supernatant 0.5 
vol. 30% (w/v) polyethylene glycol (Mr 6000) in lysis buffer was added. After 
standing for 1 h on ice, the nucleic acid precipitate formed was removed by 
centrifugation and the supernatant was dialysed extensively against 3 changes 
of 2 1 of buffer Л (20 mM Tris-HCl (pH 8.1), 5 mM EDTA, 1 mM 2-mercaptoethanol 
and 10% (w/v) glycerol). The light precipitate formed during dialysis was 
removed by centrifugation. The resulting supernatant was applied to a column 
(12 cm χ 1 cm) of denatured calf thymus DNA/agarose which was prepared as 
described by Schaller e¿ aí.t (1972). Extensive washing with buffer A removed 
most of the applied proteins. The IKe-encoded DNA binding protein was then 
eluted from the column with a linear 0.05 M to 2.0 M NaCl gradient in buffer A 
(150 ml). The protein fractions were analysed by Polyacrylamide gel 
electrophoresis and those containing electrophoretically pure IKe-DBP were 
collected. After dialysis and ultrafiltration the concentrated protein 
solution was stored at -20 C. 
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(f) Preparation of total cellular protein from 
IKe-mfected and uninfected cells 
E.col-i JE2571/N3 was grown at 370C in two 50-ml batches of medium until a 
density of 2 χ 10θ cells/ml was reached. One culture was infected with IKe 
phage at a multiplicity of 10. The phages were allowed to adsorb for 15 min 
without shaking. Subsequently, shaking was continued and after Д h the cells 
were harvested by centrifugation, washed once with water and resuspended in 7 
ml of water. Cells were broken by sonication and the lysate was clarified by 
centrifugation for 30 min at 18,000 revs/min in the Beekman JA-20 rotor. Of 
each lysate 0.6 ml portions were lyophilized and dissolved in 100 ul of 10 mM 
Tris-HCl (pH 6.9), 1 mM EDTA. Total cellular protein was recovered from these 
samples by 2 extractions with an equal volume of phenol saturated with 10 mM 
Tris-HCl (pH 6.9), 1 mM EDTA. The 2 phenol layers were combined and the 
proteins were precipated by the addition of 1.0 ml of ice-cold acetone 
containing 0.1 M acetic acid. After standing for 1 h at -20 0C, the 
precipitate was collected by centrifugation, washed 3 times with 0.5 ml 
ethanol/ether (1:1, v/v) and once with 0.5 ml ether. The precipitate was then 
dried and dissolved in 100 μΐ of cracking buffer. Of this solution 5-ul 
samples were used for the analysis of the proteins on Polyacrylamide gels. 
(g) Complex formation between IKe-DBP and DNA 
Complex formation between IKe-DBP and DNA was essentially carried out as 
described by Alberts e.i αϊ. (1972). To 10 ug of IKe-DBP, 10 pg of DNA in 
buffer A were added (final vol. 100 ul)· After standing for 30 min at room 
temperature, the reaction mixtures were layered onto linear 5% to 30% sucrose 
gradients prepared in buffer A and centnfuged for 3h at 55,000 revs/min in a 
Beekman SW6O-T1 rotor at 40C. After centrifugation the gradients were 
displaced by a heavy sucrose solution pumped through a needle, the outlet of 
which was placed at the bottom of the tube. The optical density at 254 nm was 
monitored with the aid of an LKB optical unit coupled to a Servogor recording 
device. Fractions of 10 drops were collected and prior to analysis on 
Polyacrylamide gels, the proteins present in each fraction were precipitated 
with trichloroacetic acid (final concentration 10%). After several washes with 
ethanol/ether (1:1, v/v) and finally with ether, the protein precipitates were 
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dried, dissolved in 15 Ul of cracking buffer and heated for 3 min in a boiling 
wdterbath. 
(h) Titration of IKe-DBP with poly (dA) 
The binding of IKe-DBP to single-stranded DNA was measured by titration 
of poly (dA) with purified IKe-DBP following the tyrosine fluorescence at 
303.5 nm (excitation at 276 nm: Pretonus ei αϊ., 1975; Alma eJL ol., 1982). 
Titrations were performed at 40C in 1 mM sodium cacodylate (pH 6.9) and 93 mM 
NaCl by the addition of increasing amounts of a solution containing IKe-DBP 
(maximum 400 ul) to 800 ul of a solution containing 30 umol of poly (dA). The 
resulting fluorescence was corrected for dilution of poly (dA) introduced by 
the addition of IKe-DBP. The concentration of IKe-DBP was determined according 
to Lowry e.t a£. (1951). Concentrations of poly (dA) solutions were determined 
assuming an extinction coefficient of 9300/mol/cm at 260 nm (Alma eí o-¿., 
1982). The number of bases covered by one IKe-DBP molecule was calculated from 
the equation: 
[poly(dA)] 
η = 
[Pc] 
in which η is the number of nucleotides covered by one protein monomer, 
[poly(dA)l is the concentration of polymer expressed m mononucleotides and 
Pc] is the total concentration of complexed protein. Fluorescence 
measurements were performed with a Perkin-Elmer fluorescence spectrophotometer 
MPF-4 equipped with a 150 W xenon lamp. 
CiJ Amino acid analysis 
Protein samples were hydrolysed with 6 M HCl in sealed evacuated tubes 
for 24, 48 and 72 h at 1100C and analysed on a Rank-Hilger Chromaspek amino 
acid analyser. Values for serine and threonine were extrapolated to zero time 
hydrolysis. Values for valine and isoleucine were taken from the 72-h 
hydrolysates. Tryptophan was determined according to the spectrophotometnc 
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method of Needleman (1975). 
(j) Amino-terminal amino acid sequence analysis 
Automated Edman degradation of IKe-DBP was carried out on a Beekman 890C 
sequonator using the sequencing programs as described by Brauer eí al. (1975) 
and by Hunkapiller & Hood (1978). The NH2-terminal dansyl amino acids were 
identified by high performance liquid chromatography. 
(k) Construction of an IKe genomic library 
and nucleotide sequence analysis 
In collaboration with Dr Diana Hill (Medical Research Council Laboratory 
of Molecular Biology, Cambridge, England) a library of the entire genome was 
constructed by shotgun cloning of randomly generated IKe DNA fragments in the 
filamentous phage cloning vectors M13mp8 and M13mp9 (Vieira & Messing, 1982) 
as described by Peeters ei a£., (1985) (Chapter III). The nucleotide sequence 
of the cloned inserts was established with the aid of the dideoxy-nucleoside 
triphosphate chain termination method described by Sanger ei at. (1977) using 
a 18 nucleoLide-long universal primer. 
RESULTS 
(a) Isolation of an IKe-encoded DNA binding protein 
During the infection cycle of F-specific filamentous phages a phage-
specific single-stranded DNA binding protein, -¿.е.. GVP, is synthesized in 
relatively large amounts in the infected cell. Because of its strong and 
preferential binding to single-stranded DNA, this protein exerts a key role in 
the transition of replication of double-stranded replicative form DNA into the 
synthesis of progeny single-stranded viral DNA. Since we have accumulating 
evidence to suppose that IKe-DNA is replicated in a similar way as M13 DNA, we 
investigated whether an IKe-encoded single-stranded DNA binding protein can be 
isolated from IKe-infected cells. In the isolation procedure applied we made 
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use of the intrinsic property of these binding proteins to bind specifically 
and with a high affinity to single-stranded DNA. Cell-free extracts were 
disposed of endogenous DNA and the extracts were pumped slowly through a 
column of denatured calf thymus DNA/agarose. Subsequently, the column was 
washed with a bufffer of low ionic strength (buffer A) and the proteins 
retained were eluted with a linear gradient ranging from 0.05 M to 2.0 M NaCl 
in buffer A. The elution profile showed two major protein fractions. The one 
eluting at the higher salt concentration was absent from the elution profile 
of the proteins isolated from uninfected cells (data now shown). Since a 
similar elution profile was observed during our studies on the isolation of 
GVP from M13 infected cells (Cuypers e.i, ai., 1974), these data suggest that 
the majority of the protein(s) present in this fraction are IKe-encoded. 
Analysis of the proteins on Polyacrylamide gels revealed that the first peak 
fractions contained polypeptides which were also present in the extract 
prepared from uninfected cells, whereas the second peak contained a single 
protein component with an electrophoretic mobility corresponding to a 
molecular weight of 10,000. 
That this polypeptide is an IKe-encoded gene product is also evidenced 
from our electrophoretic analysis of the proteins present in crude extracts of 
IKe-infected and uninfected cells. As shown in Figure 1, in the low molecular 
weight region of the gel two polypeptides are easily recognized among the 
proteins of infected cells which are absent in the extracts of uninfected 
cells. These two proteins have apparent molecular weights of 10,000 and 5400, 
respectively. The larger protein comigrates with the purified DNA binding 
protein from IKe-infected cells, while the other protein has an 
electrophoretic mobility which is identical to that of the major capsid 
protein present in IKe virions. Similar observations have been made for the 
corresponding proteins synthesized in M13 or fd-infected cells. Also in this 
case the GVP and the major capsid protein (gene VIII protein) are made in much 
larger quantities than the other phage-encoded gene products (Konings e.t at., 
1975). 
From these data we infer that the DNA binding protein isolated from IKe-
infected cells, -i.e.. IKe-DBP, is a phage-encoded product. Since this 
polypeptide is readily detectable in crude extracts it must be present in very 
large quantities. Our rough estimations indicate that at least 100,000 
molecules of this protein are made per infected cell. 
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Figure 1. Electrophoretic analysis of the proteins present in extracts 
prepared from IKe infected L.coil cells. Total cellular protein was isolated 
as described (Materials and Methods) and fractionated by electrophoresis 
through sodium dodecyl sulphate/15% Polyacrylamide gels. After elecrophoresis 
the proteins were stained with Coomassie brilliant blue. 
(A) Total cellular protein from uninfected cells; (B) proteins present in 
the second peak fraction eluting from the DNA/agarose column; (C) total 
cellular protein from IKe-infected cells; (D) M13-GVP isolated as described by 
Garssen ct at, (1977); (E) major coat protein isolated from IKe virions. 
Figure 2. Complex formation between IKe DNA and IKe DNA binding protein. IKe-
DBP (10 ug) was mixed with DNA (10 yg) in 100 ul of buffer A and incubated at 
room temperature for 20 min. Subsequently, the reaction mixtures were analyzed 
by centrifugation through 5% to 30% sucrose density gradients (Materials and 
Methods). 
(A) Optical density profiles of the sucrose gradients. (B) Gel 
electrophoresis of the proteins present in each fraction of the sucrose 
gradients, (a) IKe-DBP only; (b) IKe-DBP plus double stranded replicative form 
IKe DNA; (с) IKe-DBP plus single-stranded IKe viral DNA. 
RF-I, circular double-stranded DNA in which both strands are covalently closed 
RF-II, circular RF DNA containing one or more single-stranded breaks. 
SS, single-stranded DNA. 
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(b) Binding of IKe-DBP to DXA 
The binding characteristics of IKe-DBP to DNA were studied in buffer A at 
room temperature. In the experiments shown in Figure 2, purified IKe-DBP was 
incubated with IKe viral DNA or with IKe double-stranded replicative form DNA 
in a molar ratio of protein to DNA of 200:1. After 20 minutes the mixtures 
were analysed by sucrose density gradient centrifugation. From the data 
obtained it is obvious that the protein binds specifically to single-stranded 
but not to double-stranded DNA. This binding is not specific for single-
stranded TKe DXA since under identical conditions this protein also binds to 
single-stranded M13 DNA and Pfl DNA (data not shown). 
We further studied the binding of [Ke-DBP to single-stranded DNA in 
titration experiments in which the change in tyrosine fluorescence is measured 
upon binding of the protein to DNA. Binding of the M13-encoded CVP to single-
stranded DNA results in a severe quenching of the tyrosine fluorescence. This 
is almost certainly due to the stacking interactions between a number of 
tyrosine residues and the bases of the DNA (Alma ei αι., 1982). As shown in 
Figure 3, binding of IKe-DBP to single-stranded DNA also results in a severe 
quenching of the tyrosine fluorescence which, in turn, strongly suggests that 
also in this binding a number of tyrosine residues are involved. Another 
characteristic of the interaction between IKe-DBP and DNA should be emphasized 
here. In the titration curve of IKe-DBP with single-stranded DNA three phases 
can be recognized. In the first phase there is a linear increase in 
fluorescence caused solely by the addition of the DNA binding protein. 
Transition of phase I to phase II only occurs after a certain concentration of 
IKe-DBP has been reached. In the second phase the protein binds to single-
stranded DNA which is manifested by a lowering of the tyrosine fluorescence 
due to the stacking interactions between the tyrosine residues and the bases 
of the DNA. In the third phase the DNA is completely saturated with IKe-DBP 
and only the further addition of unbound DBP is measured. The slope of this 
line is identical to the slope of increase in fluorescence before binding 
(phase I). Such a mechanism of DNA binding is characteristic for a binding 
process which is highly co-operative. This means that binding of the IKe-DBP 
to single-stranded DNA is favoured by interactions between adjacent protein 
molecules lined up along the single-stranded DNA molecule. Similar binding 
properties have been demonstrated for the M13-encoded GVP (Alma eí al., 1982). 
Furthermore, from these data it can be concluded that at saturation one 
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Figure 3. Titration of poly(dA) with IKe DNA binding protein. The binding of 
IKe-DBP to poly(dA) was measured by following the tyrosine fluorescence at 
ЗОЗ.5 nm (excitation at 276 nm). Titration was performed at Д0С in 1 mM 
sodium cacodylate (pH 6.9), 93 mM NaCl. The fluorescence was corrected for 
dilution by the addition of IKe-DBP. The concentration of DBP is expressed in 
moles per litre. 
DBP molecule covers approximately four bases of the DNA chain which is 
identical to the number of bases estimated to be covered by a single GVP 
molecule. Preliminary calculations of the effective binding constant Kint.d), 
which is the product of the intrinsic binding constant (Kint) times the co-
operativety factor (ω), and which is the reciprocal of the free protein 
concentration at half-saturation (Alma ci. a£., 1982), resulted in a value of 
about 3 χ ΙΟ6 M which is of the same order of magnitude as the effective 
binding constant for M13 GVP. 
(c) Nucleotide sequence of the gene coding for IKe-DBP 
In order to obtain information about the amino acid sequence of IKe-DBP 
we decided to solve the nucleotide sequence of the gene specifying this 
protein. For this purpose physical maps of the IKe replicative form DNA were 
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constructed. The order of fragments generated by the restriction endonucleases 
Haell, Haelll, Hpall and 7aql was deLerrained using the "fragmont-primed DNA 
synthesis" method essentially as described (Van den Hondel eí al., 1976). The 
physical maps are shown in Figure 4. As compared to the maps of the F-specific 
phages M13, fd and fl two clear differences were noted: (1) the total length 
of the TKe genome as calculated from the sizes of the various restriction 
fragments generated is 6910 +/- 30 nucleotides, which is about 500 nucleotides 
larger than the M13 and fd genome (Van Wezenbeek ai al., 1980); (2) the 
distribution of recognition sites found for each endonuclease was completely 
different from that of M13, fd and fl. Apparently, phage IKe has diverged 
evolutionanly to a considerable extent from the F-specific DNA phages 
resulting in only a low mutual homology. 
From hybridisation of ±n VLUO 32P-labeled RNA from IKe-infected cells to 
IKe viral DNA and replicative form DNA and from in i'-tbio transcription studies 
we learned that only the complementary, non-viral strand is codogenic and, 
consequently, that the direction of transcription is counterclockwise on the 
physical map. Furthermore, filter hybridisation of ¿η υινϋ 32P-labeled IKe-
specific RNA to isolated restriction fragments showed that an IKe-specific RNA 
Eco RI 
Figure 4·· Restriction enzyme cleavage maps of phage IKe replicative form DNA. 
The order of fragments generated by the restriction endonucleases Haell, 
Haelll, Hpall and 7aql was determined using the "fragment-primed DNA 
synthesis" method described by Van den Hondel e.i al. (1976). The single £coRI 
site is taken as the zero pint of the physical map. The arrow indicates the 
direction of transcription which corresponds to the З'+З' polarity of the 
viral strand. 
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c t t a a t t t a a a t a a t c g a g a g a t a t a t t A T G T T A A C T G T T G A A 
Met leu thr val glu 
ATT CAC GAT TCT CAA GTT TCT GTT AAA GAG CGC TCT GGC GTT TCT САА AAG ТСС GGT 
ile his asp ser gin val ser val lys glu arg ser gly val ser gin lys ser gly 
AAG CCT TAT ACT ATT CGT GAG CAG GAA GCC TAT ATT GAT CTC GGC GGC GTT TAT CCT 
lys pro tyr thr ile arg glu gin glu ala tyr ile asp leu gly gly val tyr pro 
GCG CTG TTT AAC TTT AAT CTT GAG GAC GGT CAG CAA CCT TAC CCC GCT GGC AAG TAC 
ala leu phe asn phe asn leu glu asp gly gin gin pro tyr pro ala gly lys tyr 
CGT TTA CAT CCT GCA TCT TTC AAG ATT AAT AAT TTT GGT CAG GTT GCT GTT GGT CGC 
arg leu his pro ala ser phe lys ile asn asn phe gly gin vai ala vai gly arg 
GTT CTG CTT GAA TCG GTT AAA TGA g с a t g a с t a g t g a с g a t a t a a t 
vai leu leu glu ser val lys 
Figure 5. The nucleot ide sequence of the DNA region which codes for the IKe 
DNA binding p r o t e i n . The sequence i s shown in the Э'+З' d i r e c t i o n and i s 
located a t the 3 , - t e r m i n a l end of /¡faelll-C ( c / . F ig . 4 ) . The deduced amino 
acid sequence of IKe-DBP i s a lso i nd i ca t ed . Sequence hyphens have been 
omitted for c l a r i t y . 
of about 460 nuc leo t ides , which in an -in v-LUio p ro te in - syn thes iz ing system 
d i rec ted the synthes is of the major coat p ro te in only, hybridized to fragments 
/ /ael l l -H and ÄaeIII-F (data not shown). A l a rge r IKe-specif ic RNA of 
approximately 800 nuc leo t ides , which d i rec ted лл u-Ubio both the synthes i s of 
IKe-DBP as well as of the major coat p r o t e i n , hybridized not only t o fragments 
/Va^III-H and //a^III-F but a lso to Aa¿III-C. From these r e s u l t s we have 
concluded tha t the gene specifying IKe-DBP i s almost c e r t a i n l y located a t the 
3 ' - t e rmina l end of the v i r a l s trand in fragment /Yczelll-C. 
As a next s t e p , clones which hybridized to fragments KaelW-Q. and laql-? 
( c / . F ig . 4) were se lec ted from the IKe genome l i b r a r y and then sequenced by 
the dideoxy-tr iphosphate chain- terminat ion method described by Sanger ei. at. 
(1977). Inspection of the f ina l nucleot ide sequence obtained indica ted an open 
t r a n s l a t i o n a l reading frame specifying a pro te in of 88 amino acid res idues 
(F ig . 5 ) . The ca lcu la ted molecular weight of t h i s p ro te in was 9802 which i s 
very c lose to the molecular weight of 10,000 which we estimated for the DNA 
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binding protein from the analysis on sodium dodecyJ sulphate/polyacrylamide 
gels. 
Table 1. 
Ammo acid composition of IKe DNA binding protein 
Amino acid 
Asx 
Thr 
Ser 
Glx 
Pro 
Gly 
Ala 
Cys 
Val 
Met 
H e 
Leu 
Tyr 
Phe 
Trp 
His 
Lys 
Arg 
Mol.% 
8.1 
2.3 
7.8 
12.9 
6.0 
9.3 
6.7 
0.1 
10.3 
1.0 
4.2 
8.2 
4.6 
4.5 
0.0 
2.8 
6.5 
4.8 
Residues 
7.4 
2.1 
7.1 
11.7 
5.4 
8.4 
6.1 
0.0 
9.4 
0.9 
3.8 
7.4 
4.2 
4.1 
0.0 
2.6 
5.9 
4.4 
IKe-DBPTI 
7 
2 
7 
12 
5 
8 
5 
0 
9 
1 
4 
7 
5 
4 
0 
2 
6 
4 
M13-GVP1Ï 
5 
4 
7 
10 
6 
7 
4 
1 
8 
1 
3 
10 
5 
3 
0 
1 
6 
4 
100 91 88 87 
H The amino acid compositions are deduced from the nucleotide sequence (Fig. 
5) and the amino acid sequence of M13-GVP (Cuypers e.t αϊ., 1974)? 
respectively. 
To demonstrate unambiguously that this open reading frame represents the 
gene encoding IKe-DBP we determined in addition the amino acid composition and 
the NH2-terminal amino acid sequence of the purified IKe-DBP. Upon automated 
Edman degradation, the amino acid derivatives found in each step with the 
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exception of the ninth degradation step, could be identified unambiguously. 
The data showed an NH2-terminal sequence ^Víl-net-Le.a-lkn-Xaí-Cía-lle.-R-LA-Aop-
Y-Cin-Vai-S^-VaL-Lijb-ÏM which proved to be identical to that predicted from 
the established nucleotide sequence. Also the amino acid composition of the 
protein was almost identical to that which could theoretically be deduced 
from the large open reading frame of the nucleotide sequence (Table 1). From 
these data we have concluded that the DNA binding protein encoded by 
bacteriophage IKe is 88 amino acids long and that its amino acid sequence is 
as shown in Figure 5. 
mscubsion 
The nucleotide sequence of the gene coding for the DNA binding protein of 
phage IKe shows an overall homology of 58% when compared to the nucleotide 
sequence of gene V of phage M13 (Fig.6). This indicates that both genes have 
evolved from a common ancestral gene and that phage IKe is evolutionanly 
related to the F-specific filamentous phages M13, fd and fl. The evolutionary 
distance of these genes as calculated according to Kimura's rules (Kimura, 
1980) is К = 0.62. This means that both genes have diverged to a considerable 
extent. When the evolutionary distance is estimated for specific codon 
positions it is clear that most nucleotide substitutions have taken place in 
the third codon position (K = 1.04) and least of all in the second codon 
position (K = 0.37). ior the first codon position we calculated К = 0.55. 
These figures follow the general tendency that nucleotide substitutions 
between evolutionanly related sequences occur more often in the third 
position, less frequently in the first and least of all in the second codon 
position. They sustain our assumption that the two genes are related by 
divergence from one ancestral gene and not by convergence of evolutionanly 
unrelated sequences. 
The elucidation of the three-dimensional structure of GVP (McPherson it 
αι., 1979, 1980a,b) has contributed significantly to our understanding of the 
mechanism by which the interaction between GVP and nucleic acid might take 
place. As outlined by McPherson ci. ai. (1980b), the binding of nucleic acid to 
GVP most probably occurs in a two-step reaction. First, the polyphosphate 
backbone of the nucleic acid is drawn into a binding groove present in the 
three-dimensional structure of the protein. This process is primarily 
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I H · DNA 
IK« DBP Vet leu thr 
Mi Gvp net tie lye 
HI3 DMA 
ATG Π Α ACT GTT G M ATT CAC GAT TCT CAA GTT TCT GTT AAA GAG CGC TCT GGC GTT TCT CAA AAG TCC 
,——u, , -, a 
eer gb. val eer val lya glu\arg eer gly val ivr 
eer gin ala gin phc thr thr\arg eer gly val sev 
val glu tie 
val glu tie 
hie авр 
lys pro 
r*>r\{jt'i lye ser 
вег\ — arj діч 
ΧΙδ д!т ÄAA GTÎ GÎÀ ÂTÏ AAA CCA îîï Ш GCC CAA TÏÎ ACT ACT ÎGT TCT GGT GTT τίΐ CGT CAG 
GGT AAG ССТ TAT ACT ATT CGT GAG CAG GAA GCC TAT ATT GAT СТС GGC CGC GTT TAT ССТ GCG CTG ТТТ 
, . ю ^ <.» jly .ye pro Éyr 
jly lye pro tyr 
thr tie arg 
ser leu aan 
glu gin 
glu gin 
glu ala\tyr\ ile \аер leu gly] gly vai 
leu eye \tyr\ oal \аэр leu gly\aen gl 
tyr pro 
tyr pro 
alj \leu\pl« 
ik IK m Ш TÍA CÎG Ш « S m e n m î ï c GÎT Ш TÎG Ит »AT £AA Î « Î Ih GTT ÎTT GÎC 
A»C TTT ΑΛΤ СТТ GAG GAC GGT САГ, CAA ССТ TAC CCC GCT GGC AAG TAC CGT ΤΤΑ CAT ССТ OCA TCT TTC 
авп plie aen HeJ\glu aepìjly gin] gin pro fïifrl pro alaïglitï lya [tyr] arg leu pjTìl vro aU [яіг ιΤΓΙ 
lye ile thr [leu] aap glu \jly gln\pro ala \tyr\ala pro\gly\ leu \tyr\ thr Val \h\e\ leu eer \яег ; ' e\ 
SÎG AÎÎ îcî ÎTÎ GIT 5ÎA GGÎ Í1S ici GÎC TIT GÎG CÎÎ GÎT CTÎ ÎÎÎ ACC GÎT CAT CTG TÎC TCT îîc 
AAG ATT ААТ AAT TTT GGT CAG GTT GCT GTT GGT CGC GTT CTG СТТ GAA TCG GTT AAA TGA 
| ^ ¿ | ile aen aenfphe Jlij\ gin aal ala aal gly\arg\ val leu \le\A glu eer aal \lue\ 
[lije\ val gly gln\phe glij\ eer leu met ile aep \arg\ leu arg \leu\ val pro ala \lye\ 
H A GÎÎ GGÎ CHG ÎÎC ÎÎÎ ТСС CÎÎ ATG AÎÎ ÎAC ÎÎT CÎG ÎGC îîc ÎTT CÎÎ ÎCÎ U G ÎAÎ 
Figure 6. Comparison of the nucleotide sequences and amino acid sequences of 
the genes specifying IKe DNA binding protein and M13 gene V protein (from Van 
Wezenbeek ei. al., 1980). Both sequences are aligned in such a way that maximal 
homology was achieved. Identical nucleotides are marked with an asterisk and 
amino acid residues occuring at the same position in both proteins are boxed. 
The glutamine at position 21 of IKe-DBP is considered as the "extra" amino 
acid residue. 
dependent on electrostatic interactions between the negatively charged 
polyphosphate backbone and the positively charged basic amino acid residues 
lysine and arginine in the interior of the binding groove. Secondly, a number 
of aromatic amino acid residues (tyrosine and phenylalanine) which are arrayed 
along the edges of the binding groove stack onto the bases of the DNA and fix 
it in place. At the same time, binding of the nucleic acid triggers a 
conformational change in the protein which induces a strong affinity of the 
bound protein for other GVP molecules. Although this binding mechanism is very 
conceivable an number of questions are still unanswered. For example it is not 
clear precisely which of the aromatic and basic amino acid residues actually 
are involved in the binding process and which amino acid residues are involved 
in the protein-protein interactions such as the co-operative binding and 
dimer formation. We have approached these problems by comparing the structure 
of GVP with that of proteins which fulfil an identical biological function but 
which have a different genetic origin. As shown in this study, IKe-DBP has 
properties in terms of preferential binding to single-stranded DNA and co-
operativity which closely resemble those of GVP. Since gene V of phage M13 and 
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the IKe gene coding for DBF evolved from the same ancestral gene, it is 
conceivable that those structural elements of the proteins that are 
responsible for their biological function will be conserved to a greater 
extent than other parts of the amino acid sequence. Comparison of the amino 
acid sequence of these two proteins might therefore give us valuable 
information about the importance of specific amino acids or amino acid 
sequences in protein-nucleic acid and protein-protein interactions. 
Comparison of the amino acid sequences of GVP and IKe-DBP reveals that 
the latter protein is one amino acid longer than GVP. Optimum homology between 
the two amino sequences is achieved if the glutamine at position 21 of IKe-DBP 
is considered as the "extra" residue (Fig. 6). If thus aligned, 39 amino acids 
occur at the same position in both proteins. 
Utilizing the predictive rules of Chou & Pasman (1978), the secondary 
structure of GVP and IKe-DBP has been predicted and is illustrated in Figure 
7. As can be seen, the structure of the two proteins is very much alike and 
corresponds well with the three-dimensional structure as deduced by McPherson 
eJL ai. ( 1980а,b) from X-ray diffraction studies. According to the predictive 
models GVP and IKe-DBP consist of the following components. A three-stranded 
antiparallel 3-sheet from amino acid 10 to 49 (10 to 50 in IKe-DBP), a two-
stranded antiparallel ribbon comprising amino acids 54 to 65 (55 to 66) and a 
large ribbon comprising amino acids 70 to 84 (71 to 84) which contains a great 
amount of 3-structure. As compared to the X-ray model the extent of 3-
structure may be somewhat underpredicted. For instance, according to the 
predictive rules no 3-structure can be assigned to the regions 17 to 21 and 26 
to 30 in GVP and to the regions 14 to 22 and 31 to 33 in IKe-DBP. Also the 
first string of the two-stranded antiparallel ribbon of GVP does not reveal 
any 3-structure whereas a 3-turn can not be predicted in the last 3-ribbon (70 
to 84 and 71 to 84, respectively). 
Although care must be taken in interpreting the secondary structure of 
IKe-DBP predicted from its primary amino acid sequence, we feel confident to 
conclude that the overall structures of GVP and IKe-DBP are very similar. If 
we compare the amino acid sequence of GVP and IKe-DBP we see that a large 
number of the conserved amino acid residues occcur in the same type of 
structure. Interestingly, the positions of all five tyrosine residues are 
completely conserved. It has been shown that in GVP a number of these 
tyrosine residues are involved in the binding of single-stranded DNA. Chemical 
modification studies have shown that three out of five tyrosine residues (-¿,e. 
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міз 
ТлЛЛЛЛЛД ... - -L^A\V.^_ 
ЕЛЛЛАЛ^ .  ^_ ^ 
e τ о 7 
(α) (Ы 
Figure 7. Structure of M13 gene V protein (a) and IKe DNA binding protein (b) 
as predicted to the rules of Chou & Fasman (1978). 3-Sheets are indicated by 
zig-zag lines and chain reversals denote 3-turns. The position within the 
sequences of positively and negatively charged ammo acid rebidues is 
indicated. 
residues 26, 41 and 56) are accessible for nitration m the free protein 
whereas in the protein-DNA complex all tyrosine residues are protected 
(Anderson et αι., 1975). Since then, fluorescence, circular dichroism and 
nuclear magnetic resonance studies have indicated that surface tyrosine 
residues are involved in DNA binding (Pretorius e¿ a£., 1975; Coleman e¿ at., 
1976; Garssen eJL al., 1977,1978; Alma et αι., 1982). Though the X-ray model of 
GVP predicts that the aromatic tyrosine residues 26, 41, 34 and 56 are in the 
DNA binding groove, it has not yet been established which of these tyrosines 
actually interact with the DNA. Tyrosines 26, 41 and 56 of GVP are situated in 
or close to a ß-turn. This is also the case for tyrosines 42 and 57 of IKe-
DBP, while tyrosine 27 seems to be involved in ß-sheet formation. As can be 
seen in Figure 7, there are, however, proline residues directly next to or in 
the close vicinity of these three tyrosine residues. Ihey are therefore 
endowed with more motional freedom than they otherwise would possess. Since 
for the intercalation of the tyrosine residues between the bases of the DNA 
most probably a rotation down of the aromatic side groups is required, we 
believe that these residues are the ones which interact with the DNA. 
We and others have demonstrated that there is one phenylalanine residue 
of GVP involved in the DNA binding process (Coleman & Armitage, 1977,1978; 
Garssen et al.., 1980) but its position has not yet been assigned. According to 
the three-dimensional structure of GVP the phenylalanine residues at position 
13 and 68 are situated in the DNA binding groove. The fact that Phel3 occurs 
in a 3-sheet region and Phe68 in a 3-turn may mean that Phe68 has more 
motional freedom than Phel3 and therefore is able to interact with the DNA. 
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IKe-DBP does not contain a phenylalanine residue at position 13 but there is 
one at position 69. If we assume that also in the binding of IKe-DBP to DNA 
one phenylalanine residue is involved, this strongly suggests that Phe68 of 
GVP is the one which is actually involved in DNA binding. The involvement of 
Phe68 instead of Phel3 in complex formation is supported by recent 500 MHz 
nuclear magnetic ressonance studies which showed that the phenylalanine 
involved in DNA binding should have a considerable degree of motional freedom 
(Alma et αι., 1982). 
According to the three-dimensional model of GVP positively charged amino 
acid residues in the interior of the binding groove can interact with the 
negatively charged polyphosphate backbone of the DNA. This is consistent with 
nuclear magnetic resonance studies (Alma ei. oi.,1981b) and with the finding 
of Anderson e¿ a£. (1975) that the DNA binding is inhibited upon acetylation 
of the lysine residues. The nuclear magnetic resonance studies suggest that 
one or two lysine residues and two or three arginine residues of GVP are 
involved in the interaction with DNA. Comparison of the amino acid sequences 
of the two proteins shows that the residues which are conserved at the same 
position are the arginines 16 and 80, and the lysines at position 24, 69 and 
87. This suggests that these or some of these residues are involved in the 
binding of DNA. McPherson and co-workers assume, however, that arginines 21, 
80 and 82 and lysines 24 and 46 are in a position to interact with the DNA. 
Since positively charged amino acids do not occur at position 47 and 83 in the 
IKe-DBP sequence, we think that lysine 46 and arginine 82 of GVP are not 
essential elements in the DNA binding process. It is interesting to note that 
at position 21 of GVP an arginine residue is located while at the 
corresponding position in IKe-DBP a lysine residue is present. The 
evolutionary conservation of a positively charged amino acid residue at this 
position indicates that possibly also this charge plays a fundamental role in 
the establishment of the DNA-protein interaction. 
Another interesting difference between GVP and IKe-DBP is the absence of 
cysteine in IKe-DBP. It has been shown that mercuration of Cys33 in GVP 
prevents nucleotide binding. This could mean that Cys33 is actually involved 
in DNA binding. This is also consistent with the finding that the sulphydryl 
group of Cys33 can photochemically be cross-linked to thymidine residues of 
bound nucleic acid (Paradiso e¿ al., 1979). However, in the three-dimensional 
structure this sulphydryl group is turned up into the interior of the protein. 
This together with our finding that in IKe-DBP no cysteine is present suggests 
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that СузЗЗ of CVP is not primarily involved in the binding process. 
An assignment of specific functions to the amino acid residues in th 
other functional domains, -¿. е.. the sites of dimer formation and co-
operativity, is rather speculative. Additional studies, currently in progress, 
on GVP and IKe-DBP in which strategic amino acid residues have been 
substituted probably will solve some of the remaining problems. 
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Nucleotide Sequence and Genetic Organization 
of the Genome of the N-Specific Filamentous 
Bacteriophage IKe 
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Filamentous Phages M13, fd and fi 
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ABSTRACT 
The nucleotide sequence and genetic organization of the genome of the N-
specific filamentous single-stranded DNA phage IKe has been established and 
compared with that of the F-specific filamentous phages M13, fd and fl (Ff). 
The IKe DNA sequence comprises 6883 nucleotides, which is 476 (475) 
nucleotides more than the nucleotide sequence of the Ff genome. The data 
indicate that IKe and Ff have evolved from a common ancestor (overall homology 
approx. 55%) and that their genomes contain ten homologous genes, the order of 
which is identical. Similar to Ff, the major coat protein and the gene Ill-
encoded pilot protein of IKe are synthesized υ-ία precursor molecules. 
The extent of homology between the genes of IKe and Ff differs 
significantly from one gene to another. Genes that code for viral capsid 
proteins are less homologous than genes whose products are involved in the 
processes of DNA replication and phage morphogenesis. During evolution, large 
nucleotide sequence rearrangements have occurred in the gene (gene III) whose 
product is needed for the attachment of the virion to the conjugative pili of 
the host cell, suggesting that these rearrangements have led to phages with 
different host specificities. Extensive nucleotide sequence homology was noted 
between the structural elements involved in DNA replication and phage 
morphogenesis, indicating that the mechanisms involved in DNA replication and 
morphogenesis are highly conserved. 
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INTRODUCTION 
The filamentous bacteriophages belong to a group of viruses that consist 
of a circular single-stranded DNA genome of relatively small size encapsulated 
m a long slender protein coat, v>hose length is more than 100 times its 
diameter and which is composed of several thousand major capsis protein 
molecules. Additionally, a few copies each of one or more minor coat proteins 
are located at the ends of the virion (for a review, see Denhardt BJL a£., 
1978). On the basis of X-ray diffraction studies, the viruses have been 
divided into two classes (Marvin ct a£., 1974a,b). Class I includes the 
¿ocheJiLcA-ca COL-L viruses M13, fd, fl and IKe. They all have a similar 
structure, despite differences in the amino acid sequence of their major coat 
protein (Ndkashima e.t uè., 1981; Thomas еЛ aJ., 1983) and length of the 
virion. Infection of the viruses is dependent on the precence of specific pili 
encoded by conjugative plasmids carried by the host cell. M13, fd and fl only 
infect L.COJL· strains that harbour the con]ugative plasmid F. Ifl and IKe 
infect L.COLL cells carrying plasmids of the I and N-incompaLibility group, 
respectively (Kathoon eJL αί., 1972). Class II includes the viruses Pfl and 
Pf3, which have Ρое.ім1отопал ае.лас)^п.о-оа as host, and Xf, which has Xanthomona-b 
oayzae. as host. 
Whether all filamentous viruses with their different host requirements 
have evolved from a common ancestor is still not clear. Their resemblance in 
structure, morphology and life-cycle suggests that this is the case, but the 
possibility that each group of filamentous phages is derived from an 
independent ancestral virus and are converging towards a common biological 
function should not be excluded a p/izosu.. 
The nucleotide sequence of the genomes of the F-specific filamentous 
phages M13, fd and fl (in this paper further called Ff) has been established, 
and it has been demonstrated that these viruses are very closely related 
(mutual homology approx. 97%) and therefore are derived rather recently by 
mutation from a common ancestor (Beck еЛ. oí., 1978; Van Wezenbeek e¿ al.., 
1980; Beck & Zmk, 1981; Hill & Petersen, 1982). The Ff genome contains ten 
genes, of which five (г.е.. genes III, VI, VII, VIII and IX) code for virion 
structural proteins. Genes II and V, and probably also gene X, code for 
proteins that are needed for DNA replication. The products of genes I and IV 
are involved in the phage maturation process. Their precise function in this 
process is unknown. 
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Although we have a detailed knowledge of the primary structure of the Ff 
genome and its encoded products, many fundamental questions concerning the 
biology of these viruses are still unanswered. For example, virtually nothing 
is known about the mechanisms by which, after attachment to the pili, the 
phages penetrate the host cell or about the mechanisms involved in phage 
assembly and extrusion at the host cell membrane. The observation that a 
relatively large nuber of genes code for capsid proteins suggests that these 
processes are rather complex. It is evident that protein-protein, protein-
nucleic acid and protein-membrane interactions play a fundamental role in 
these processes. Since we are only beginning to understand some of these 
interactions, comparative studies of evolutionarily related genomes might 
deliver important information on the conservative nature of the structural 
elements involved in these processes and the processes of DNA replication and 
gene expression as well (Peeters ei. al., 1983). With these considerations in 
mind, we have initiated a study of the structural and genetic organization of 
the N-specific class I virus IKe. In this chapter, the resuls of these studies 
are presented and compared with the data published previously for Ff. 
MATERIALS AND METHODS 
(a) Bacteria and phages 
Bacteriophage IKe, originally isolated by Kathoon e¿ oí. (1972), and its 
host E.COJU JE2571/N3 (Bradley, 1980) were kindly provided by Dr D.E. Bradley, 
St Johns, Newfoundland. The single-stranded bacteriophage vectors M13mp8 and 
M13mp9, and their host L.COÍ-L JM103, have been described (Messing & Vieira, 
1982; Messing et αι., 1981). 
(Ъ) Enzymes and substrates 
Phage T4 DNA ligase and all the restriction endonucleases were obtained 
from Bethesda Research Laboratories, Inc. and used with the buffers 
recommended by the supplier. Phage T4 polynucleotide kinase and phage T4 DNA 
polymerase were from PL Biochemicals. £.co£¿ DNA polymerase (Klenow fragment) 
and calf intestine phosphatase were from Boehringer, Mannheim. Hydrazine was 
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from Eastman Kodak Co. and dimethylsulphate was from Aldrich Co. The 2'-3' 
dideoxynucleoside triphosphates were purchased from PL Biochemicals. (γ-
32P)ATP ()3000 Ci/mmol) and (a-32P)dATP ()A00 Ci/mmol) were obtained from 
Amersham Ltd. Polyethylene glycol 6000 was from BDH. The M13 deoxy-
oligonucleotide sequencing primer 5' dG-T-A-A-A-A-C-G-A-C-G-G-C-C-A-G-T-G 3' 
was synthesized by Dr J. van Boom and co-workers (Department of Organic 
Chemistry, Leiden University). AU other materials were of analytical grade 
and were purchased from sources given previously (Konings, 1980) 
(c) Isolation of replicative form DNA and restriction fragments 
Replicative form DNA of the phages was isolated from infected cultures by 
the alkaline lysis method of Birnboim & Doly (1979), which was adapted to 
encompass large volumes. The DNA was further purified by ethidium 
bromide/cesium chloride bouyant density-gradient centrifugation. Restriction 
fragments were separated by preparative Polyacrylamide gel electrophoresis as 
described (Maxam & Gilbert, 1980) and the DNA was recovered from the excised 
gel segments with the aid of clectro-elution using an ISC0 sample 
concentrator. 
(d) Shotgun cloning of IKe DNA in the 
phage vectors M13mp8 and M13mp9 
A library of the IKe genome was constructed by cloning randomly generated 
DNA fragments in the single-stranded bacteriophage vectors M13mp8 and M13mp9 
(Messing & Vieira, 1982). The procedure of Deininger (1983) was used and was 
carried out in collaboration with Dr Diana Hill (University of Otago, Dunedin, 
New Zealand). In short: after mechanical shearing of IKe replicative form DNA 
into fragments of 300 to 1000 base-pairs by means of sonication the fragments 
were end repaired with the aid of T4 DNA polymerase to create blunt ends. 
Subsequently, the fragments were size-fractionated by agarose gel electro­
phoresis and fragments with a length of 350 to 600 basepairs were isolated and 
cloned in the Smal site of M13mp8 or M13mp9 followed by transformation of 
competent JM103 cells. Single-stranded DNA was isolated from recombinant 
phages as described (Sanger e¿ al., 1980). 
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Figure 1. Positions of the individual gel readings in the final DNA sequence 
of the IKe genome. The axis represents the nucleotide map of the IKe genome, 
starting at the unique £coRI site, numbered in the 5' to 3' direction of the 
viral strand. Sequences above the axis were obtained from the viral (+) and 
sequences below from the complementary (-) strand. The extents of the 
individual sequencing runs are presented by the small horizontal lines. 
, Gel readings obtained from clones present in the IKe genomic 
library. « , Gel readings obtained froom fragment-primed sequencing 
reactions. * and β , Gel readings obtained by sequencing double-
stranded and single-stranded DNA fragments, respectively, by the chemical 
degradation method, χ and о represent the labelled ends. The linear genetic 
map of IKe is given below. IR, intergenic region. 
(e) Sequencing methods 
The dideoxynucleoside triphosphate chain termination method of sequencing 
was used as described by Sanger ei al. (1977). The chemical degradation method 
of sequencing was carried out essentially as described by Maxam & Gilbert 
(1980). 
The nucleotide sequence data were stored and handled using the computer 
programs described by Staden (1980). 
RESULTS AND DISCUSSION 
(a) Determination of the IKe DNA sequence 
The nucleotide sequence of the IKe genome was established mainly by 
sequencing clones obtained after shotgun cloning of randomly generated IKe DNA 
fragments in M13mp8 and M13mp9 (see Materials and Methods). After sequencing 
of about 90 clones, we did not have one uninterrupted sequence but rather 
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three large contiguous sequences (contigs), representing more than 90% of the 
entire IKe DNA sequence. The nucleotide sequence of the missing parts was 
elucidated either by direct sequencing of suitable restriction fragments with 
the aid of the chemical degradation method or with the aid of the dideoxy 
method (see Materials and Methods) after subcloning of the fragments into 
M13mp8, or by using fragments as sequencing primers with IKe viral DNA as a 
template. The same techniques were also applied to the parts of the genome for 
which the nucleotide sequence was not established unambiguously. A summary of 
the sequencing strategies is presented in Figure 1. Included are a few gel 
readings that were obtained after sequencing single-stranded DNA fragments 
obtained by digesting IKe viral DNA with a combination of HCIJPIII, UpaYX and 
ñíoIL, followed by 5'-end labelling and separation of Lhe single-stranded DNA 
fragments on Polyacrylamide gels. 
The majority of the IKe DNA sequence was established on both the viral 
as well as the non-viral strand and, on the average, each nucleotide has been 
identified four times. We therefore feel confident that the nucleotide 
sequence as presented in Figure 2 is correct. The circular single-stranded IKe 
DNA genome is 6883 nucleotides long (Fig. 2), which is 476 (475) nucleotides 
longer than the genomes of Ff (Van Wezenbeek e.í al., 1980; Beck e¿ al., 1978; 
Beck & Zink, 1982; Hill & Petersen, 1982). The first nucleotide of the 
recognition sequence of restriction endonuclease fcoRT, which occurs only once 
in the IKe DNA, has been taken as the zero point of the sequence. 
(Ъ) Gene identification 
The genes of the IKe genome have been identified by: (1) comparison of 
the amino acid sequence of known gene products i.e.. the major coat protein 
(gene VIII protein; Nakashima ei oj., 1981) and the single-stranded DNA 
binding protein (gene V protein; Peeters e.t oJL., 1983; Chapter II) with the 
amino acid sequences deduced from the DNA sequence. 
(2) Comparison of the IKe DNA sequence and deduced amino acid sequence 
with the established nucleotide sequence and amino acid sequence of the gene 
products of the Ff genome. 
(3) Application of the computer program FRAMESCAN of Staden & McLachlan 
(1982). This program predicts, on the basis of codon usage of known genes of 
the same replicón (i.e. V and VIII), which open reading frames most probably 
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Figure 2. Nucleotide sequence of the genome of the N-specific filamentous 
f.coLi phage IKe. The numbering of nucleotides is in the 5' to 3' direction of 
the viral DNA strand and starts at the unique £r.oRI cleavage site. The genes 
(I through X) are boxed and the amino acid sequence of their encoded proteins 
is included. For clarity gene VII is boxed with a broken line. The amino acid 
residues that have an identical position in the corresponding gene products of 
IK and the F-specific filamentous coliphage M13 (Van Wezenbeek ei al., 1980) 
are indicated by asterisks above the amino acid sequence. To achieve maximum 
homology, we have assumed that, with respect to M13, amino acid insertions 
and/or deletions have taken place during the evolution of IKe. Their sizes and 
positions are indicated by a number and a broken line. Plus stands for an 
insertion and minus for a deletion. The sequence of amino acid residues 137 to 
18¿ of gene III protein of IKe (position 2491-2633) is homologous to amino 
acid residues 23 to 71 of gene III protein of Ff. The amino acid sequence of 
the glycine-rich cluster in gene III protein (position 2703-2855) is boxed. 
Asterisks above the nucleotide sequence denote termination codons. The 
presumed replication origin of the viral strand in the intergenic region (IR) 
is indicated (arrow). Sequence hyphens have been omitted for clarity. 
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represent true genes. 
(4) Sequencing IKe amber mutants obtained after conventional 
hydroxylamine-induced mutagenesis or site-directed mutagenesis -in ііло (the 
genetic and biological properties of these mutants will be described 
elsewhere). 
The results obtained were unambiguous and congruent. From the data 
obtained, we have concluded that the IKe genome comprises ten genes, whose 
positions in the IKe DNA sequence are as indicated in Figure 2. 
The extent of amino acid sequence homology between the gene products of 
IKe and Ff was calculated after aligning the sequences so as to give maximum 
homology. To achieve this, we have assumed that during evolution of the 
filamentous phage genome, amino acid insertions and/or deletions have taken 
place. Their presumed positions and sizes are indicated by a number and a 
broken line above the amino acid sequence in Figure 2. A brief synopsis of 
some physical characteristics of the gene products of IKe and the Ff-phage M13 
is presented in Table 1. The extent of homology is not iHe same for all genes. 
Generally, genes whose products exert a function in the processes of DNA 
replication (II and X) and phage morphogenesis (I and IV) are more homologous 
than genes whose products constitute capsid proteins (VIII, III, VI, VII and 
IX). The value for gene V is intermediate (Table 1). 
A few remarks with respect to the size, position and homology of several 
genes should be made. Inspection of the nucleotide sequence of the C-terminal 
part of gene II of IKe revealed that this region possesses the property of 
coding for a protein that resembles GXP of Ff. GXP is the result of an in-
phase translational start in gene II of Ff, giving rise to a protein whose 
amino acid sequence is identical to that of the C-terminal part of GIIP (Model 
& Zinder, 197A; Konings e.L ai., 1975; Benedict-Yen & Webster, 1981). Similar 
to gene X of Ff, the predicted initiating ATG codon of gene X of IKe is 
preceded by a Shine-Dalgarno sequence characteristics for ribosome binding 
sites, while more upstream a DNA region is present that has many 
characteristics in common with the consensus sequence of i-.colLL promoters (see 
Table 2). The conservation of such regulatory signals at equivalent positions 
in gene II of both phage IKe and Ff argues strongly for a function of GXP in 
the replication cycle and indicates that (as thought originally) its presence 
in the Ff genome is not an evolutionary artefact. 
Gene V of IKe, the characteristics of which have been described (Peeters 
eÀ. oí., 1983; Chapter II), is followed by the two small genes VII and IX. 
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Table 1 
Comparison of some physical characteristics of the gene products of IKe and M13 
Size (residues) Hydrophobicity 
Difference Identical 
Protein IKe M13 (no.) (no.) Homology (7») IKe M13 
GIP 
GIIP 
GIIIP 
GIVP 
GVP 
GVIP 
GVIIP 
pGVIIIP 
mGVIIIP 
GIXP 
GXP 
365 
421 
434 
437 
88 
116 
32 
29 
53 
33 
121 
348 
410 
424 
426 
87 
112 
33 
23 
50 
32 
111 
+ 17 
+ 11 
+ 10 
+ 11 
+1 
+4 
-1 
+6 
+3 
+ 1 
+10 
177 
247 
66 
203 
39 
24 
13 
10 
21 
10 
67 
48.5 
58.7 
15.2 
46.2 
44.3 
20.7 
39.4 
34.5 
37.7 
30.3 
55.4 
45 
48 
50 
46 
45 
28 
25 
31 
39 
21 
51 
47 
48 
43 
49 
43 
26 
30 
30 
34 
38 
45 
The proteins are called after their genes and are abbreviated as GNP (gene N protein). The prefixes ρ 
and m refer to the prepeptide and mature form of the protein, respectively. The homology was calculated 
taking the number of amino acid residues of the largest protein as 100%. 
The values for the hydrophobicity are those calculated by the program MWCALC of Staden (1980). 
Table 2 
Promoter sequences of IKe DNA 
Consensus TGTTGACAAtTT Τ t t TG TATAATg с Τ 
-40 -30 -20 -10 0 
Gene II CAAATAGTTGCGTTTAAATTTACATGTGTTAAATTACGCACATG 
6852 
Gene X TTTAATTTGTGACCTGTGGAAAAAATCGTTTAAAGATCTGTTTG 
873 
Gene V TGTTGAACCGGTATCTATTTTTAATCGITCTAATGTAGTCAGCA 
1245 
Gene VIII(IX) TCGGTTAAATGAGCATGACTAGTGACGATATAATTrATGTTGTA 
1581 
Gene III CTCTTTAAGAAGTTCTCTTCTAAAGCTGTTTAATTTTCAGCGTT 
2012 
The sequences are aligned m such a way that the position of the second Τ 
residue of the T-A-T-A-A-T consensus sequence is taken as position -10 with 
respect to the startpomt of the mRNA. The position of this nucleotide (-10) 
in the IKe DNA sequence (Fig. 2) is given below the promoter sequence. The 
nucleotides that are identical to the consensus sequence for £.coiv promoters 
(Siebenlist, 1979) are underlined. Only the sequences of those promoters for 
which there exists experimental evidence (see the text) are given. Sequence 
hyphens have been omitted for clarity. 
Though, theoretically, two ATG codons could act as the start codon for the 
synthesis of gene VII protein, we assume that the first ATG codon (position 
1559) is the real initiation codon, because it is preceded by a sequence that 
shows the highest level of homology with the consensus sequence for nbosome 
binding sites (Table 3). 
The amino acid sequence of the mature major coat protein of IKe, as 
determined by Nakashima e-¿ a£, (1981), exactly corresponds with the amino acid 
sequence that can be deduced from the nucleotide sequence located from 
position 1853 up to 2014. Since the N terminus of the major coat protein is 
alanine, and since the Ala codon at position 1853 is not preceded directly by 
an ATG codon, the major coat protein must be synthesized tun. an intermediate 
precursor polypeptide. The most likely candidate for translational initiation 
is the ATG codon at position 1766, giving rise to a coat protein precursor 
that is 82 amino acid residues long. This conclusion is based on our coupled 
transcription-translation studies ¿si и-ііло (data not shown), vhich hdve shown 
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that the major coat protein precursor of IKe is larger than the precursor of 
the major coat protein of Ff, which is 73 amino acid residues long (Sugimoto 
ei. ai., 1977; Hulsebos & Schoenmakers, 1978). Furthermore, the predicted 
leader sequence of 29 amino acid residues shares several characteristics with 
known leader or signal sequences, such as the presence of a basic amino acid 
residue(s) at the N-terminal end followed by a stretch of hydrophobic 
residues. 
The primary translation product of gene III of IKe is predicted to be 434 
amino acid residues long and starts with the GTG codon at position 2082. The 
similarities between the N termini of GIIIP of IKe and Ff and, in particular, 
the fact that they both have properties characteristic for signal sequences 
suggests that, similar to GIIIP of Ff (Konings e.t ai., 1975; Goldsmith & 
Koningsberg, 1977), GIITP of IKe is synthesized via a precursor containing a 
leader signal sequence. According to the empirical rules of Von Heyne (1984) 
and Perlman & Halvorson (1983), the cleavage site for the signal peptidase is 
most probably located after the alanyl residue at position 19 in the IKe GIIIP 
sequence. 
Table 3 
DNA sequences of ribosome binding sites in IKe 
16S RNA 
Gene I 
Gene II 
Gene III 
Gene IV 
Gene V 
Gene VI 
Gene VII 
Gene VIII 
Gene IX 
Gene X 
3'OH-AUUCCUCCACUAG 
TAATAAGGTTATTTGAT.ATG 
GTTTGAGTGCTTGAATTC.ATG 
TTCAGCTAAGGCGTAATT.GTG 
ACTTGTGAAGGTTGATT.ATG 
TAATCGAGAGATATATT.ATG 
CGTAAAGGTGAACAATA.ATG 
TCTGCTTGAATCGGTTAA.ATG 
ATTTAAGGAAAATAAA.ATG 
ACTGCTGGAGTGTTCCG.ATG 
GCCTTTAAAGGTTCTGAT.ATG 
The complementarity to the S'OH-terminal end of 16S ribosomal RNA, which is 
supposed to be characteristic for ribosome binding sites (Shine 6 Dalgarno, 
1974)i is indicated. Sequence hyphens have been omitted for clarity. 
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Within GIIIP of Ff, two clusters are found consisting of a fourfold 
repeat of the peptide Glu-Gly-Gly-Gly-Ser. The second cluster is flanked by 
repeats of the peptide Gly-Gly-Gly-Ser. It has been suggested that the first 
glycine-rich cluster is responsible for a number of effects of GIIIP on the 
host cell membrane, such as deoxycholate sensitivity, colicine tolerance, 3-
lactamase leakage and resistance to superinfection (Boeke et ai.., 1982). In 
GIIIP of IKe, only one glycine-rich sequence is present. Its position 
corresponds approximately to the position of the second cluster in GIIIP of Ff 
(Fig. 2, position 2703-2855) but in this case it consists of an imperfect 
repeat. Repeats of glycyl residues arc interrupted by the dipeptides Asp-Thr 
(5x) Ser-Ser (3x) and Ser-Thr (2x). Recent experiments have indicated that IKe 
GIIIP does not have the same effects on the host cell membrane as does Ff 
GIIIP (unpublished results). 
Boeke & Model (1982) have demonstrated that within the C-terminal end of 
GIIIP of Ff, a stretch of 23 hydrophobic amino acid residues, flanked by 
charged residues, is responsible for its anchoring in the cell membrane. A 
sequence with similar characteristics and presumably with an identical 
function is present also at the C-terminal end of IKe GIIIP (Fig. 2, position 
3300-3368). 
An intriguing feature of the gene III sequences of IKe and Ff is that 
defined stretches of coding sequences have been translocated during the 
evolution of these phages. For instance, the amino acid residues 137 through 
184 (Fig. 2, position 2491-2633) of IKe GIIIP are homologous to residues 23 
through 71 of Ff. In contrast, the region between the signal peptide and amino 
acid residue 137 of IKe GIIIP does not have a homologous counterpart in GIIIP 
of Ff. Similary, the large glycine-rich repeat of IKe GIIIP is interrupted in 
Ff GIIIP by a stretch of about 120 amino acid residues, which has no 
homologous counterpart in IKe. Since there is accumulating evidence that GIIIP 
of Ff is responsible for the attachment of the phage particle to the host pili 
(Armstrong e.t a£., 1981; Gray et al., 1981), it is conceivable that these 
rearrangements are responsible for the generation of phages with different 
host specificities. 
(c) Genetic organization 
The genetic maps of the IKe and Ff genomes are presented in Figure 3. 
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Figure 3. Circular genetic maps of the genomes of IKe and M13· Genes are 
indicated by Roman numerals and the direction of transcription is as 
indicated. IR refers to the intergenic region between genes II and IV, in 
which the replication origin is located. The unique cleavage sites of £ccRI in 
IKe-RF and Η-υιάΐΙ in M13-RF serve as reference points. 
Both genomes consist of an equal number of genes, which are arranged in an 
identical order. These data, and the fact that their genomes possess a 
significant degree of sequence homology, indicate that Ff and IKe have evolved 
from a common ancestor. With the exception of gene VIT, all IKe genes are 
larger than their Ff counterparts (Table 1). The difference in size between 
IKe and Ff is, however, mainly due to the larger intergenic region between 
genes IV and TI, in which the origins of replication are located. In the case 
of IKe, this region occupies a relatively large portion (approximately 10%) of 
the genome. 
Apart from the intergenic region between genes IV and II, very little 
non-coding DNA is present between the other genes. It is striking that the 
genes that code for the various capsid proteins of the phage (III, VI, VII, 
VIII, and IX) are very tightly packed. In some cases (genes V and VII, VII and 
IX, and IIT and VI), translational terminators and initiators overlap, 
particulary in the sequences A-T-G-A, and T-A-A-T-G, where TGA or TAA 
terminates one gene and ATG initiates the next. Since a similar tight ordering 
and overlap of translational start and stop signals of these coat protein 
genes has been found in Ff, it is very likely that it hides an, as yet, 
68 
unknown mechanism for the co-ordinate expression of these genes. The 
assumption that the tight ordering of these IKe and Ff genes is a result of 
severe evolutionary constraints on the size of their genomes is probably 
incorrect, since recombinant viruses of Ff (Messing &t ai., 1977) and IKe (our 
unpublished results) can be constructed easily with much larger genome sizes 
than unit length. 
While genes I and IV of Ff show an overlap of 20 nucleotides, no overlap 
is present between genes I and TV of IKe; in fact, they are separated by two 
nucleotides. This observation suggests that the overlap of these genes in Ff 
does not have a specific function. 
(d) Intergenic region 
The large intergenic region present between genes IV and II consists of 
738 nucleotides. This is 228 nucleotides more than the corresponding region 
located between genes IV and II of Ff. The intergenic region of IKe possesses 
several nucleotide sequences of dyad symmetry, which have the potential to 
form stable stem-loop structures. These structures are depicted in Figure Д. 
Most of these structures have a homologous counterpart in the intergenic 
region of Ff, and it is therefore conceivable that they fulfil an identical 
function in the phage replication process. Particularly, the high degree of 
homology of hairpins В and С of IKe and Ff suggests that initiation of 
complementary strand synthesis is accomplished by the same RNA polymerase-
dependent mechanism (Geider e± al., 1978). Whether the observed homology of 
hairpins D and E, which contain the recognition sequence for gene II protein 
(Meyer e¿ oí., 1979), also means that the gene II proteins of IKe and Ff can 
complement each other, is under investigation. It should be emphasized here 
that other sequences of Ff, in particular an A+T-rich sequence of about 40 
nucleotides (replication enhancer) located down-stream of hairpin E, is also 
required for the efficient initiation of viral strand replication (Cleary & 
Ray, 1980, 1981; Dotto e.t al., 1981, 1982). Interestingly, an homologous 
nucleotide sequence is not present in the IKe genome, suggesting that no 
replication enhancer is required for the replication of IKe. The possibility, 
however, that this function is exerted by other sequences in IKe cannot 
be excluded a P/LLOI-L. 
As shown in Figure 4, the length difference between the IR of IKe and Ff 
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Figure 4. Comparison of the nucleotide sequence of part of the intergenic 
regions of IKe and M13 located between genes II and IV. The sequences are 
aligned in such a way that maximum homology is achieved. For this purpose, it 
is assumed that nucleotide sequence insertions and deletions have taken place 
during the evolution of these phages. With respect to M13, IKe contains two 
DNA stretches 79 and 82 nucleotides long, respectively, which have no 
counterpart in M13; their positions are indicated. The nucleotide sequences of 
the part of the intergenic regions that is located between hairpin E and gene 
II, and which does not show significant sequence homology, is not shown. These 
sequences consist of 290 and 194 nucleotides in IKe and M13, respectively. 
Sequences that have the potential to form stable stem-loop structures are 
indicated and they are designated A through E. The configuration of these 
structures is shown on the scale below. 
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is not the result of an insertion (or deletion) of a single DNA stretch but 
rather of two, probably three, independent insertions. One of them is located 
between hairpins A and B, and another between hairpins С and D. Their sizes 
are 79 and 82 nucleotides, respectively. Probably the third insertion has 
occured between hairpin E and the beginning of gene II. Because of the lack of 
significant sequence homology between these two regions, it is not clear 
whether the extra 96 nucleotides of IKe are the result of a single insertion 
event or of a series of independent insertions. We do not know whether these 
extra sequences present in the intergenic region of IKe have any specific 
function nor is it clear by what mechanism these sequences have been 
introduced in сали quo deleted from the ancestral genome. 
(e) Regulatory signals 
Our knowledge of the mechanism by which the transcription of the IKe 
genome is regulated is not complete. The data obtained thus far nevertheless 
demonstrate that, similar to the DNA region encompassing genes II through VIII 
of Ff, genes II through VIII of IKe are expressed according to a cascade-like 
transcription mechanism (see Edens ei а£., 1978), in which the hairpin 
structure downstream of gene VITI functions as a ^ Ло-independent transcription 
termination signal (Fig. 5). With the aid of filter binding experiments and 
transcription studies ¿si oit/io and -¿/г ¡uvo, several RNA polymerase binding 
sites have been detected in this region (data not shown). Despite their 
differences in affinity for RNA polymerase, they appear to correspond with 
several promoters at corresponding positions in the Ff genome. The sequences 
of these IKe promoters are presented in Table 2. Until now we have not been 
able to map unambiguously promoter sites in the infrequently transcribed 
region encompassing genes III through IV. 
Apart from the well-characterized, /ζΛο-independent trancription 
termination signal located behind gene VIII (Fig. 5), a /гЛо-depeiident 
transcription termination site has been identified in the intergenic region of 
Ff directly following gene IV (Moses & Model, 1983; Smits zi αϊ., 1984). A DNA 
sequence with similar characteristics is present also in the corresponding 
region of IKe (sec Fig. 4). We assume that, apart from its function as a 
morphogenetic signal, this site also functions as a ^zAo-dependent 
transcription termination site in IKe. 
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C-C CG 
CC C-C, 
C'G T-A 
C-C C-G 
G-C C C 
G-C C'C 
G·! Α·Τ 
Ala Val * Α·Τ Ala ber i Α·Τ 
GCT ο,Π IAA ГТГТСАОСаПАГГТА-тТТГ-З' Gene V i l i GCA AGC TGA TAAACCGATACAATTA-TTTTTM' 
2Ü20 1530 
Figure 5· Nucleotide sequence and presumed secondary structure of the nko-
independent transcription termination signals of IKe and M13i which are 
located between genes VIII and III. Base-pairing is indicated but sequence 
hyphens have been omitted for clarity. 
Table 3 presents the sequences of the ribosome binding sites of the IKe 
genes. All IKe genes start with the codon ATG, with the exception of gene IT!, 
which starts with GTG. Interestingly, in Ff, gene III is also the only gene 
that starts with a GTG codon. Whether the conservation of this specific start 
codon has any biological function in the expression of these genes is unknown. 
(f) Evolution of the filamentous phage genome 
From the data presented, it is clear that IKe and Ff have evolved from a 
common ancestor. Despite significant differences in their nucleotide 
sequences, they have apparently conserved a similar genetic organization. 
Apart from the fact that all IKe genes (exept gene VII) are somewhat larger 
than their Ff counterparts, minor differences exist in the structure of some 
gene boundaries. We do not know whether, as a consequence of these 
differences, the expression of the IKe and Ff genomes is also different. 
The base composition of IKe viral DNA is: T, 34.4%; C, 18.9%; A, 25.2%; 
and G, 21.6%; which is almost identical to that of the Ff genome. Also, the 
codon usage of IKe does not deviate significantly from that of Ff. Both 
genomes have a striking preference for codons having a Τ in the third position 
(IKe, 50%; Ff, 51%). The reason for this high Τ content of the viral DNA is 
unknown. 
GIIIP of Ff is specifically required for the binding of the infecting 
phage to the plasmid-encoded conjugative pili of the host. The fact that genes 
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Ill of IKe and if show a very low level of homology indicates thdt the 
acquirement of different host specificities was an early event in the 
divergence of these phages. This difference in host specificity implies that 
these phages are no longer natural competitors, and that they have evolved 
independently. As a consequence of the adaption of GIIIP to a new receptor, 
possibly other minor capsid proteins also (in particular GVIP) have evolved 
concertedly. 
The extent of homology of several genes of IKe and Ff suggests that their 
gene products may be interchangeable. Experiments ot establish whether this is 
the case are in progress. 
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Chapter IV 
The Gene II Proteins of the Filamentous Phages IKe and Ff (M13, fd and fl) 
are Not Functionally Interchangeable During Viral Strand Replication 
Absence in IKe of a Replication Enhancer Sequence 
submitted for publication 

IV 
ABSTRACT 
Gene II protein is the only phage-encoded protein required for the 
double-stranded DNA replication of the distantly related filamentous viruses 
IKe and Ff (M13, fd and fl). Our complementation studies demonstrate that, 
despite significant homology between the nucleotide sequences of the 
replication origins and the gene II proteins of these viruses, the biological 
functions of these proteins are not interchangeable. 
Analysis of the functional domains of the origin of viral strand 
replication ((+)-origin) of IKe has demonstrated that this specificity is not 
determined by the replication enhancer sequence. In fact, in contrast to Ff, 
for efficient initiation of viral strand replication of IKe no replication 
enhancer sequence is required. 
Similar to Ff, for the efficient packaging of single-stranded IKe DNA a 
specific nucleotide sequence (morphogenetic signal) located at the border of 
gene IV and the intergenic region is needed. 
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INTRODUCTION 
In the replication cycle of the genome of the F-specific filamentous 
phages (Ff) three distinct stages can be distinguished (for a review see Ray, 
1978). Upon entry of the host cell the parental circular single-stranded DNA 
(ssDNA) is converted into a supercoiled double-stranded DNA molecule (RF-I). 
For this process only host-encoded functions and a specific nucleotide 
sequence ((-)-origin) located in the intergenic region (IR) of the phage 
genome are required. In the second stage the RF-I molecule is replicated many 
times, a process that is entirely dependent on the phage product encoded by 
gene II. This protein introduces a nick at a unique position in the 
replication origin of the viral strand ((+)-origin) (Meyer ei a£., 1979). 
Elongation of the З'ОН end of the nick by DNA polymerase III is accompanied by 
displacement of the parental viral strand υ-ια a rolling circle mechanism 
(Gilbert & Dressier, 1968). After one replication-round, gene II protein again 
nicks the elongated viral strand at exactly the same position, thereby 
releasing the displaced parental viral strand from the newly formed double-
stranded DNA. The latter DNA's are subsequently sealed by gene II protein 
resulting in the formation of circular single-stranded and double-stranded 
DNA. 
In the third stage, when sufficient phage encoded gene V protein has 
accumulated, replication switches from the synthesis of RF to the asymmetric 
synthesis of progeny viral strands. By interacting with the displaced single-
stranded viral DNA, gene V protein prevents its conversion into double-
stranded RF. The nucleoprotein complex of gene V protein and ssDNA serves as 
intermediate in the final packaging of the viral strands into new phage 
particles, a process which takes place at the host cell membrane. 
Recently the nucleotide sequence and genetic organization of the genome 
of the N-specific filamentous bacteriophage IKe has been established (Peeters 
ei at., 1985; Chapter III). Comparison of the data obtained with those 
published for the F-specific filamentous phages M13, fd and fl (Ff) (Beck 
dL al., 1978 ; Van Wezenbeek et al., 1980 ; Beck & Zink, 1981 ; Hill & Peter­
sen, 1982) showed that these phages are distantly related (mutual homology 
approx. 55%) and that their genetic organization is almost identical. 
Comparison of the IR of IKe and Ff in which the (-)-origins and (+)-
origins are located showed that the nucleotide sequences that are known to 
play an important function in the phage replication process are highly 
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conserved. Significant differences were, however, also noted. For example, in 
the IR of IKe several contiguous "extra" nucleotide sequences are present 
which have no counterpart in Ff. Moreover in the IR of IKe no nucleotide 
sequence is present that is homologous to the so called replication enhancer 
sequence (domain B) of Ff which is required for efficient initiation of viral 
strand replication (Cleary & Ray, 1980, 1931 ; Dotto el al., 1981, 1982). This 
suggests that for the replication of IKe either such a replication enhancer is 
not required or that its function is exerted by other sequences. 
These observations together with the observed homology of the amino acid 
sequences of the gene II proteins of IKe and Ff (approximately 60%) has 
prompted us to study whether the replication functions of IKe and Ff are 
conserved to such an extent that the biological function of their gene II 
proteins are interchangeable. 
MATERIALS AND METHODS 
(a) Bacteria, phages and plasmids 
¿¿сАелісЫа coll K12 strains used were: JE2571/N3 {le.u, іНл, ¿іл, βία, 
pil; [NS: tol, ¿ідлр, ¿ul/.]) (Bradley, 1974); N4156 and N4156/F' (polk, ела, 
thy, gyik) (Geliert el a¿., 1977); JE76 (Ьр/іо£ас, α/ια, thl, те.ІЪ, алд amber, 
паік, /il/., шрЪ; [N3: Lel, ліле.р, oui/]), constructed by introduction of the 
N3 plasmid from strain JE2571 into strain XA101 (Miller el oí., 1977); JM83 
(Ф80 lacZ ΔΜ15, ала, Масряо, оілк, thl) (Messing, 1979) and K37 (HfrC, оирЪ) 
(Lyons & Zinder, 1972). To allow infection by IKe, the IncN conjugative 
plasmid N3 was introduced into strains N4156 and JM83 via conjugation with 
strain JE2571/N3, according to the procedure described by Dennison & Baumberg 
(1975). JM83 was made F' via conjugation with strain PP1192 (thl, klacp/io, 
ілр::(тиЗ), ¿іл, ¿ир ; F' Lblac::7nb) which was a gift from Dr. Pieter van de 
Putte (Leiden). 
Bacteriophages M13 сиг2Н2 and IKe алг2Н8 are hydroxylamine induced amber 
mutants in gene II (Pratt el al., 1966 ; Peeters B.P.H. unpublished results). 
The single-stranded bacteriophage vectors M13mp8/9 have been described 
(Messing & Vieira, 1982). IR1 is an Ff (fl) mutant that is resistant to 
interference by defective interfering fl particles (Dotto el αι., 1981 ; Enea 
& Zinder, 1982). 
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The plasmids pTM12 (Meyer & Gelder., 1981) and pEMBL8 (Dente et αι., 
1983) have been described. Plasmid pBP9 was derived from pUR222 (Ruether cl 
αι., 1981) by replacing the small ЛлЛТ fragment in the lacZ gene (which 
contains the multiple cloning sites) by the corresponding fragment of the lacZ 
gene of phage M13mp9. As a result pf!P9 contains, besides the cloning sites 
present in pUR222, unique sites for SmaX (AOTÛI) and /¿¿rtdlll. The plasmids were 
isolated as described previously (Peetcrs e¿ a(., 1985; Chapter III). 
(Ъ) Enzymes and biochemicals 
Restriction enzymes were obtained from Bethesda Research Laboratories, 
New England Biolabs or Boehringer Mannheim, and used with the three-buffer 
system described by Maniatis et а£ (1982) or with the buffer recommended by 
the supplier. Bal-31 nuclease, phage TA DNA ligase and DNA polymerase I 
(Klenow fragment) were obtained from the same suppliers and used as 
recommended, unless specified otherwise. All biochemicals were of analytical 
grade and purchased from sources given previously (Konings, 1980 ; Peeters et 
cit., igS'î). 
(с) Bal-31 nuclease treatment 
After digestion of 5 Ug of plasmid pIKori-2 (see Results) with £coRI and 
ВатШ, the mixture was incubated with 1 unit of nuclease Bal-31 (BRL) at 300C 
for 1, 2, 3, 4 and 5 minutes, respectively. The reaction was terminated by the 
addition of an equal volume of phenol saturated with ТЕ (10 mM Tris-HCl pH 
7.6 , 1 mM EDTA), immediately followed by vigorous shaking on a vortex mixer. 
After precipitation with ethanol the samples were electrophoresed through a 5% 
Polyacrylamide gel and the shortened fragments migrating directly beneath the 
original А£и1-Ъ fragment were excised and recovered with the aid of electro 
elution. Subsequently the fragments were treated with 1 unit of Klenow DNA 
polymerase I in 20 mM Tris-HCl pH 8.0 , 75 mM KCl , 5 mM MgCla , 1 mM DTT and 
100 yM of each of the four dNTP's for 30 minutes at 37 0C, spun through a 
Sephadex G50 superfine column and precipitated with ethanol. Finally the 
fragments were recloned in .Smal-digested pBP9 followed by transformation of 
IKe-infected ΝΛ156/Ν3 cells. The resulting ampicillin resistant transformants 
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were characterized by sequence analysis using the dideoxy method described by 
Sanger et al (1977). 
(d) Transformation ano calculation of the numbe« 
of transducing particles and phages 
F.COLL was made competent and transformed according to the method of 
Mandel & Higa (1970) as described by Maniatis et al (1982). When appropriate, 
the cells were infected by IKe or M13 for 10 minutes prior to СаСІг-
treatment. Transformed cells were spread on 2YT agar plates (Miller, 1972) 
containing 100 Ug/ml of ampicillin and 0.004% of X-gal. To establish the 
number of infective phages and ampicillin resistance transducing particles, 
100 pi of culture was centrifugea for 5 min in an Eppendorf centrifuge. 
Subsequently 50 \\\ of the supernatant was transferred to another tube and 
incubated for 2 min at 650C to kill the remaining bacteria. 10 ul of 
appropriate dilutions was then added to 100 yl of exponentionally growing 
E.coL· cells and incubated at 370C for 10 min. The mixtures were spead on 2YT 
agar plates containing ampicillin (100 ug/ml) and incubated overnight at 370C. 
The number of amp-resistant colonies formed was used to calculate the number 
of transducing particles present in the original culture. Similarly the number 
of infective phages was determined by plating serial dilutions on an 
appropriate indicator strain. 
mSULTS 
(a) Complementation of gene TI amber mutants 
by cloned gene II of IKe or Ff 
To establish whether the gene IT proteins and the regulatory signals 
involved in the DNA replication of IKe and Ff are conserved to such an extent 
that the gene II proteins of these phages are interchangeable, use was made of 
gene II amber mutants of Ff and IKe. From a theoretical point of view, it 
should be possible to study complementation with the aid of a classic genetic 
complementation test between a gene II amber mutant of IKe and a different 
amber mutant of Ff or v-tce. иелла. A prerequisite for reciprocal 
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complementation, however, is that mutual complementation of both lethal 
mutations occurs. A negative result does not answer the question whether only 
one or both proteins involved are unable to complement its homologous but 
defective counterpart. A variety of amber mutants of both IKe and Ff have been 
used for standard complementation tests, but m all cases a negative result 
was obtained. Therefore an alternative approach to study complementation was 
used. To this end the gene of interest was cloned in a vector plasmid and 
subsequently we studied whether cells harboring the recombinant plasmid were 
able to complement -иг ілапл a defective phage carrying an amber mutation in 
the same gene as the one cloned. 
The IKe restriction fragment Huicll-k (position 5783-1298 in the IKe DNA 
sequence) was cloned in plasmid pBP9. Fragment H-isicll-k contains both gene II, 
including its promoter, as well as the entire IR in which the replication 
origins are located. After ligation, the resulting recombinant plasmids were 
transformed into competent N4156 cells. Because strain N4156 contains the polk 
mutation, plasmids containing only the ColEl-origin (such as pBP9) can not 
replicate in these cells (Bolivar e¿ aJL., 1977). After transformation, 
ampicillin resistant colonies were obtained suggesting that both gene II as 
well as the (+)-origin of IKe were present in the recombinant plasmid. This 
gene l ì IR gene II j genei geneï 
РІК200 
рІЮОЗ 
plKOOl 
ι 1 
"ΰ — ¡ϊ 
- ~5) 
Χ m ш 
1 , , Μ , , , 
6000 6500 6883 500 1000 1500 
Ί) 
Figure 1. Physical map of part of the IKe genome showing the position of 
several fragments (horizontal lines) which were cloned in plasmid pBP9. IKe 
genes are boxed and numbered with Roman numerals. IR indicates the intergenic 
region between genes IV and II in which the replication origin is located. The 
positions of the restriction enzyme cleavage sites used in the construction of 
the recombinant plasmids are indicated. The nucleotide positions of the IKe 
DNA sequence (Peeters e± al., 1985; Chapter III) are indicated on the bottom 
line. 
χ 
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was confirmed by analysis of the plasmid DNA by restriction enzyme digestion 
(data not shown). A recombinant plasmid in which the IKe fragment was present 
in the orientation identical to the lacZ gene was used for further plasmid 
constructions. This plasmid was called pIK200 (see Figure 1). The observation 
that this plasmid replicates autonomously in polk cells demonstrates that 
similar to gene II protein of Ff, this protein is the only phage encoded gene 
product required for the replication of double-stranded IKe DNA. 
By digesting plasmid pIK200 with ВшгШ., followed by partial digestion 
with Ву£П and recircularization using phage T4 DNA ligase, a derivative of 
pIK200 was constructed that contained the promoter and coding sequence of gene 
II. This plasmid was called pIK203 (see Figure 1). 
To test whether gene II protein is expressed by plasmid pIK203, we 
examined whether the plasmid was able to rescue the IKe gene II amber mutant 
cm2H8. Therefore the phage was plated for infective centers on a suppressor 
strain (JE76), a non-suppressor strain (JM83/N3) and the same non-suppressor 
strain harboring plasmid pIK203. The results, which are presented in Table 1, 
demonstrate that plasmid pIK203 is fully capable of rescueing the amber 
mutation of IKe aw2H8, suggesting that gene II protein is expressed very 
efficiently by cells harboring pIK203. 
M13 wt 
M13 cmim 
IKe wt 
IKe amim 
JM83 
— 
2.5 χ 10 1 3 
1.2 χ 10" 
2.1 χ 10 1 3 
2.0 χ 10a 
2 
A 
JE76 
¿up D 
_ 
-
.1 χ 10 1 3 
.0 χ 10 1 2 
Table 1. 
K37 
шр D 
2.5 χ 10 1 3 
3.0 χ 10 1 2 
-
-
JM83 
+ pTM12 
5.0 χ 10 1 3 
3.6 χ 10 1 2 
2.5 χ 10 1 3 
2.0 χ 10е 
JM83 
+ pIK203 
2.5 χ IO 1 3 
8.0 χ IO7 
3.0 χ IO 1 3 
3.5 χ IO 1 2 
Complementation of gene II amber mutants of IKe and Ff by plasmids carrying a 
cloned copy of the wild type gene II sequence. The construction of pIK203 is 
described in the text, pTM12 contains gene II of fd and is described by Meyer 
δ Gelder (1981). The numbers shown are plaque forming units (PFU) per ml. ІК 
and M13 wildtype served as controls. In case JM83 was infected with IKe or М1Э 
it carried the N3 and F plasmid, respectively. 
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To establish whether gene II protein of IKe also is able to rescue a gene 
II ambermutant of Ff, plasmid pIK203 was introduced into strain JM83/F'. 
Subsequently this strain was used to determine the plating efficiency of the 
413 gene II amber mutant ωη2Η2. The results presented in Table 1 demonstrate 
that gene II protein of IKe is not able to rescue an amber mutation in gene TI 
of M13. Similarly, by using a recombinant plasmid that contains a copy of gene 
II of Ff (fd) (plasmid pTM12) (Meyer & Gelder, 1981) we found that gene II 
protein of Ff is unable to rescue an amber mutation in gene II of IKe (see 
Table 1). Thus, the role in the replication process of the gene II proteins of 
IKe and Ff is very specific and probably restricted to its natural (+)-origin. 
(b) The viral strand replication origin of TKe 
To characterize the functional domains of the IKe origin in more detail, 
use was made of the inability of pcik cells to replicate plasmids containing 
the ColEl origin only. When defined parts of the IR of IKe arc cloned in pBP9 
one can select recombinant plasmids containing a functional phage origin in 
/PO/A cells, provided that a source of gene II protein, -UL ал or in ί,ααηο, is 
present. In the case of plasmid pIK200 this requirement was met by cloning a 
fragment containing both the IR as well as gene IT. In case only parts of the 
IR were cloned, prior to transformation, the polk cells were infected with 
IKe. 
Several restriction fragments of the IR of IKe (see Figure 2) were cloned 
in plasmid pBP9. In addition a plasmid was constructed which contained the 
entire IR of IKe. The latter plasmid, pIKOOl, was derived from plasmid pIK200 
and is shown in Figure 1. The plasmids were analyzed for the presence of a 
functional replication origin by transformation of either uninfected or IKe or 
Ff infected poik cells. pEMBLS, a plasmid that contains the functional 
replication origin of phage Ff (fi) (Dente ci a¿., 1983) and plasmids pIK200 
and pIKOOl were used as controls. 
The results which are presented in Table 2, demonstrate that all plasmids 
that contain only a part of the IR of IKe transform IKe-infected po¿k cells 
with the same efficiency as plasmids that contain the entire IR of IKe (pIK200 
and pIKOOl). This means that the functional replication origin of 
bacteriophage IKe (defined as the minimal IKe sequence that, when harbored in 
a plasmid, is required to enter the IKe mode of replication) is present within 
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6000 6500 6883 
(1) 
Figure 2. Physical map of the irtergenic region of IKe showing the fragments 
which were cloned in plasmid pBP9 (horizontal lines). The cleavage sites of 
the restriction enzymes used in the construction of the recombinant plasmids 
are indicated. Regions capable of forming secondary structures are indicated 
by black boxes and designated A through E (Peeters e.t ut., 1985; Chapter III). 
The 3' end of gene TV and the 5' end of gene II are indicated by open boxes. A 
scale of the region in base pairs is shown on the bottom line. 
the DNA sequence located from position 6528 to 6632 (Figure 2). The 
observation that none of these plasmids replicates in Ff-infected poik cells 
demonstrates that gene II protein of Ff is not capable of replicating plasmidb 
containing the functional (+)-origin of IKe. The Ff phages tested included 
M13, fd, fl, M13mp8 and IRl. That the opposite is also true follows from the 
observation that plasmid pEMBLS which contains the functional (+)-origin of Ff 
(fl) is unable to replicate in IKe infected polk cells (see Table 2). 
The fact that plasmid pIKori-5 replicates well m the presence of IKe 
gene II protein, indicates that, in contrast to Ff, a replication enhancer 
sequence is probably not required for the replication of IKe DNA. The 
replication enhancer sequence of Ff extends approximately from position +A0 
till about +130 with respect to the gene II protein cleavage site (Dotto e.t 
αι., 1984a). It is unlikely that a similar function is exerted by the 
nucleotide sequence lying between the gene II protein cleavage site (position 
6569/6570) and position 6632 of IKe (Figure 3). To establish whether the 
nucleotide sequence at the 3' side of the cleavage site could be delimited 
even further without affecting the replication properties of the recombinant 
plasmids, the insert of plasmid plKori-2 was treated with nuclease Bal-31 
(Materials and Methods). We deliberately chose the insert of this plasmid 
because it contains, besides the replication origin, a specific nucleotide 
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Tab] e 2. 
poík polk potk 
uninfected ІКе-infected МІЗ-infected 
pIKori-1 
plKori-2 
pIKori-5 
pIKori-7 
pTKOOl 
plK200 
pEMBLS 
pBP9 
0 
0 
0 
0 
0 
5.0 χ 
0 
0 
10" 
2.0 χ 10" 
2.4 χ 10" 
3.0 χ 10" 
3.2 χ 10" 
2.5 χ 10" 
3.0 χ 10" 
0 
0 
0, 
1. 
,9 
.2 
0 
0 
0 
0 
0 
χ 10" 
χ 10" 
0 
Transformation efficiencies of plasmids carrying different parts of the 
intergenic region of IKe (see Figure 2) or Ff (pEMBLS) in strain N4156 {poík). 
Plasmid pBP9 serves as control. The transformation efficiency is defined as 
the obtained number of ampicillin-resistent colonies per microgram plasmid 
DNA. The value 0 indicates that no transformants were obtained. 
sequence required for efficient packaging of phage DNA (or in this case 
single-stranded plasmid DNA, see below) enabling efficient sequence analysis 
using single-stranded DNA isolated from transducing particles. After recloning 
of the Bal-31 treated fragments in pBP9 the resulting plasmids were 
transformed in IKe infected polk cells. To establish the extent of the 
deletions, the transducing particles of a number of transformants were 
characterized by sequence analysis. The data demonstrated that as a result of 
the Bal-31 treatment a variety of deletions were generated which ranged from 
nucleotide position 6677 to 66]7. The endpoints of two isolates -¿.e. pIKori-
2b(l) and pIKori-2b(23) are shown m Figure 3. Since these plasmids 
transformed IKe infected polA cells with the same efficiency as the parental 
plasmid pIKori-2 (data not shown), we concluded that they still contain an 
intact (+)-origin. These results indicate that a region of 49 nucleotides at 
the 3' side of the gene II protein cleavage site is sufficient for efficient 
replication of IKe DNA. 
Apparently the absence in plasmid pIKori-5 of the DNA sequences 
(designated В and С in Figure 2) that are presumably the signals for 
initiation of complementary strand synthesis ((-)-origin) (Peeters e.t ol., 
1985; Chapter III) has no deleterious effect on its replication ability. Most 
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likely, the absence of a functional phage-specific (-)-origin is compensated 
by nucleotide sequences present in the vector plasmid pBP9 which is derived 
from plasmid pBR322. Similar observations have been made by Cleary & Ray 
(1980, 1981) and Dotto zt al (1981). 
(с) Production of phages and transducing particles 
Analysis of the IR of Ff has demonstrated that besides the replication 
origins, in this region additional sequences are present that are needed for 
the efficient packaging of the single-stranded progeny DNA into mature phage 
particles (Dotto el. a£., 1981). This DNA sequence (morphogenetic signal) is 
composed of the 3' end of gene IV and the 5' end of the intergenic region and 
has the intrinsic property to form a stable stem-loop structure (hairpin A) 
(Dotto & Zinder, 1983). Since the TR of IKe contains a DNA sequence homologous 
to the morphogenetic signal of Ff (designated hairpin A in Figure 2) (Peeters 
ei aJL. , 1985; Chapter Til), we investigated whether this nucleotide sequence 
of IKe has an identical function in phage morphogenesis. 
After transformation of the recombinant plasmids that contain parts of 
the IR of IKe in IKe-infected poik cells, ampicillin-resistant colonies were 
grown overnight and the number of phages and ampicillin resistance transducing 
particles formed was determined (Materials and Methods). As shown in Table 3. 
plasmids that contain, besides a functional (+)-origin, the IKe DNA sequence 
in which hairpin A is present, yield transducing particles at high efficiency 
(expressed as the ratio of colony forming units to infective centers). On the 
contrary, plasmids missing this sequence yield transducing particles at a 100-
to 1000-fold lower efficiency. These results indicate that nucleotide 
sequences located at the border of gene IV and the IR are required for 
efficient phage packaging. Based upon the fact that specifically those 
nucleotide sequences which are able to form a stable secondary structure 
(hairpin A, c/. Fig. A, Chapter III) are homologous to the nucleotide sequence 
of the morphogenetic signal of Ff, we think that it is also this structure 
that forms the morphogenetic signal of IKe. 
The relatively efficient packaging of plasmid pIKori-7 in comparison to 
that of pIKori-5 and pIKori-l suggests that hairpin(s) В and/or С can possibly 
substitute for hairpin A with low efficiency. 
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ГаЫе 3 
PFU/ml CFU/ml PFU/CFU 
pIKori-1 
pIKori-2 
pIKori-2b(l) 
plKori-2b(23) 
pIKori-5 
pIKori-7 
8.4 χ 107 
4.2 χ 10е 
1.7 χ IO9 
2.1 χ IO9 
1.7 χ IO9 
1.7 χ IO9 
<105 
3.0 χ IO7 
5.2 χ 10е 
1.2 χ IO9 
1.7 χ IO6 
9.5 χ IO6 
840 
14 
3 
2 
1000 
179 
Production of phages and ampicillm-reslstance transducing particles by IKe 
infected po£A cells carrying various plasmids (see Figure 2). The number of 
phages (plaque forming units, PFU) and transducing particles (colony forming 
units, CFU) was as described (Materials and Methods). Plasmids pIKori-2b(l) 
and pIKori-2b(23) are nuclease Bal-31 deletion mutants of plasmid pIKori-2 of 
which the 3' endpomts of the IKe insert is position 6621 and 6617, 
respectively (Figure 3)· 
DISCUSSION 
With the aid of recombjnant plasmids that contain a cloned copy of gene 
II, we have demonstrated that an amber mutation in gene II of the phages IKe 
and Ff only can be rescued by plasmids that contain the wildtype gene of the 
same phage. Thus, despite the fact that the gene II proteins of IKe and Ff are 
60% homologous and their respective recognition sequences are highly 
conserved, the biological functions of these proteins are not interchangeable. 
To examine more closely the signals involved in the replication of the 
IKe genome we have cloned several parts of the IR of IKe in the multicopy 
plasmid pBP9. Examination of the replication properties of the resulting 
plasmids in IKe-infected />o/A cells revealed that the functional replication 
origin of IKe is contained in a UNA sequence of at most 89 nucleotides 
(position 6528 till position 6617, Figure 3). Based upon the homology of the 
nucleotide sequence of the IR's of IKe and Ff, the 5' border of the (+)-origin 
of IKe can probably be limited to position 6554. As shown in Chapter II, 
Figure 4, at this position an insertion of 82 nucleotides has taken place in 
IKe with respect to Ff. 
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The functional (+)-origin of tf can be divided into two domains, 
designated A and В (Dotto eÀ. aZ., 1984a). Domain A (the core region) consists 
of three distinct but overlapping signals: 1. the gene II protein recognition 
sequence present in the DNA region starting 4 nucleotides before the cleavage 
site till somewhere between 11 and 29 nucleotides after it; 2. the initiation 
signal for replication, extending for about 10 more nucleotides in the 3' 
direction and 3. the replication termination signal starting 12 nucleotides 
before the cleavage site and ending somewhere between 11 and 29 nucleotides 
after it. Domain В which extends for about 130 nucleotides after the cleavage 
site is exclusively required for efficient initiation of viral strand 
replication in wildtype Ff (replication enhancer sequence). Recombinant 
plasmids carrying the functional (+)-origin (domain A) of Ff but missing 
domain В transform Ff-infected polk cells at a much lower frequency compared 
to plasmids containing both domains. In addition to its role in the 
establishment of replication, domain В is also responsible for the inhibition 
of helper phage replication (Cleary & Ray, 1980,1981 ; Dotto e.t ed., 1981). 
The fact that a nucleotide sequence homologous to the replication 
enhancer sequence of Ff is not present in the IR of IKe (Peeters et al., 
1985; Chapter III) already indicated that for the replication of IKe either 
such a nucleotide sequence is not required or that this function is exerted by 
other sequences. We have shown here that all pIKon plasmids transform IKe 
infected polk cells with the same efficiency as plasmids containing the entire 
IR of IKe (plasmids pIK200 and pIKOOl) (Table 2). Since, as discussed above, 
the minimal sequence at the 3' side of the gene II protein cleavage site that 
is required for efficient replication initiation is probably too small to 
encode a replication enhancer function, this indicates that for the 
replication of double-stranded IKe DNA no enhancer sequence is required. 
Interestingly, during the preparation of this manuscript, several Ff 
mutants and Ff derivatives have been described whose replication is 
independent of the presence of domain В (Dotto & Zinder, 1984a,b). Most of the 
Ff derivatives are spontaneous mutants which arose after cloning of exogenous 
DNA sequences between the recognition sequence for gene II protein (domain A) 
and domain B. Analysis of some of these mutants has revealed that the need for 
domain В has been lost as the result of compensating mutations elsewhere in 
the phage genome leading either to an overproduction of gene II protein or to 
an alteration in the primary amino acid sequence of gene II protein (Dotto & 
Zinder, 1984a, 1984b). 
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ЛшЗА 6550 I \ II 6?00 ff 7с">1 
I K e GATCTCGCAGTCGGCTOÄTCGTGGTCACrrcCACTATGTTTAATAGTGGACTCTTGTTCCATnTCCAACGTGCTACAGCCCTCTaCCTrCAAAACTCCnCGA 
* * *** * ******** * ******************** ** ** *** ** **** **** * * ** * 
MI3 AGACGGTirmGCCCTTTCACGnGGAGTCCACGTTrmAATAGTGGACTCTCGTTCMAACTreAACAACACT 
5750 I • I 5800 I 
Τ 
τ τ 
G A * * -
T-A E 
A-T 
T-A Τ 
C-G Τ Τ 
A-T A-T 
C-G C-G 
C-G G-C 
T-A T-A 
G-C T-A 
A-T G-C 
TCGGTCGTGGTG-dT-GTGCTACAGCCCTCTCCTrCAAAACTCaTCGA 
Τ τ 
С Τ E 
T-AV 
T-A X A 
G-T. A С 
C-G* A-T 
Α-T C-G 
C-G C-G 
C-G T-A 
T-A T-A 
G-C G-C 
Α-T T-A 
Cm'GACGTTGG-CT-ACACrCAACCCTATCTCGGGCTATrcmTGATT 
IKe M13 
Figure 3· Nucleotide sequence of part of the intergenic regions (domain A) of 
IKe and Ff (M13) containing the gene II protein cleavage site (( + )-origin). 
The numbers indicate the nucleotide positions in the IKe and M13 map (Peeters 
&i al., 1985ι Chapter III; Van Wezenbeek e¿ al., 1980). The cleavage site of 
gene II protein (GIIP) is indicated by an arrow. Homologous nucleotides are 
indicated by asterisks. Arrow heads indicate the 3' endpoints of the IKe DNA 
sequence present in the Bal-31 nuclease deletion mutants pIKori-2b(l) 
(position 6621) and pIKori-2b(23) (position 6617). The presumed secondary 
structure of the nucleotide sequences designated D and E is shown beneath. 
It is conceivable that during the divergent evolution of Ff and IKe 
similar mutations have taken place in the ancestral IKe genome. Whether this 
has resulted in the overproduction of gene II protein or in the alteration of 
the function of gene II protein, is still unknown. In this respect it is 
interesting to note that Dotto & Zinder (1984b) have shown that in one of 
these Ff derivatives, i.e.. M13mpl, the compensating mutation is a G to Τ 
transversion at position 6125 in the M13 DNA sequence resulting in a 
methionine (ATG) to isoleucine (ATT) missense mutation in codon 40 of gene II 
protein. In the amino acid sequence of gene II protein of IKe at the 
corresponding position (codon 41, Peeters e.t al., 1985; Chapter III) a leucine 
codon (CTG) is present. It might be that the presence of this amino acid 
residue at this specific position has enabled the IKe phage to replicate 
independent of a nucleotide sequence with a corresponding function as domain В 
of Ff. 
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As shown here, the pIKon plasmids do not replicate in polk cells that 
are infected with any of the Ff phages tested, including M13mp8 (which is 
derived from M13mpl). This observation and the fact that domain В is 
dispensable for the replication of МІЗтр indicates that it is not the 
nucleotide sequence of domain В that is responsible for the specificity of the 
gene II protein of Ff. Since, as shown here, a replication enhancer is not 
required for the function of IKe gene II protein, the specificity of the gene 
II proteins of IKe and Ff must be determined by the nucleotide sequence of 
domain A. 
Because domain A contains distinct nucleotide sequences which are 
required for cleavage, replication initiation and replication termination, the 
specificity of the gene II proteins of IKe and Ff could be determined by any 
one of these sequences. Of course if cleavage is impaired then also initiation 
and termination of replication is impaired. 
That the replication origin of IKe is not totally inert to gene II 
protein of Ff follows from our recent experiments m which we subcloned the 
inserts of the pIKon-plasmids (containing the IKe ( + )-origin) in the lac-
region of phage M13mp8. Nucleotide sequence analysis of a large number of 
recombinant phages showed that the IKe (+)-origin was always present in a 
direction opposite to the (+)-origin of M13mp8 (data not shown). These results 
indicate that recombinant phages in which the (+)-origins of IKe and M13mp8 
are present in the same orientation are, for reasons still unknown, not 
viable. Similar observations have been made with recombinant plasmids 
containing tandem replication origins of Ff (Horiuchi, 1980 ; Dotto & 
Horiuchi, 1981). In the latter case replication is initiated at one origin and 
terminated at the other leading to the loss of the nucleotide sequences that 
are not replicated. If the same mechanism is responsible for the fact that 
fragments which contain the IKe (+)-origin cannot be cloned in M13mp8 in the 
direction identical to its (+)-origin, then cleavage and termination of 
replication by gene II protein of Ff should be possible at the IKe origin. 
Consequently the specificity of the gene II proteins of IKe and Ff would be 
determined by differences in the replication initiation signals present in 
domain A. Experiments to establish wether this is the case are presented in 
Chapter V. 
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Chapter V 
Functional Comparison of the Signals and Domains Involved in the 
Replication and Packaging of the Viral Strands of the 
Distantly Related Filamentous Viruses IKe and Ff (M13, fd and fl) 
submitted for publication 

ν 
ABSTRACT 
With the aid of recombinant plasmids containing the origins for viral 
strand replication ((+)-origins) of the distantly related filamentous phages 
IKe and Ff (M13, fd and fl) it could be demonstrated that initiation but not 
termination of viral strand replication by the phage encoded gene II proteins 
is a phage-specific process. Gene 11 protein instructed replication of 
plasmids that contain the (+)-origins of IKe and Ff in the same orientation, 
results in the generation of a fusion origin as a result of initiation at one 
origin and termination at the other. These fusion origins are only functional 
in the presence of the gene II protein encoded by the phage from which the 
sequence lying at the 3' side of the fusion site is derived. 
The sequences which are responsible for the specificity of the 
replication initiation process are located from position +17 till +Д9, and +17 
till +40 with respect to the gene II protein cleavage site in IKe and Ff, 
respectively. 
The nucleotide sequence that forms the recognition signal for cleavage by 
gene II protein of IKe and Ff is probably 20 nucleotides long, starting 3 
nucleotides before till 17 nucleotides after the cleavage site. 
Efficient packaging by helper phages of the plasmids that contain a 
fusion-origin indicates that the morphogenetic signals of IKe and Ff DNA are 
interchangeable. 
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INTRODUCTION 
Within the large intergenic region (IR) of the distantly related 
filamentous phages IKe and Ff (M13, fd and fl) both the replication origin of 
the viral (+) as well as of the complementary (-) strand are located 
(Schaller, 1979 ; Peeters e¿ aJ.., 1985a; Chapter III). Replication of the 
complementary strand is exclusively dependent on host encoded functions, 
whereas for the replication of the viral strand besides host encoded functions 
the phage encoded gene II protein is required (Meyer & Gelder, 1982 ; Peeters 
e± oí., 1985b; Chapter IV). 
Gene II protein is a sequence-specific topoisomerase that cleaves the 
viral strand of the supercoiled double-stranded replicative form DNA (RF-I) at 
a unique position ((+)-origin), thereby creating the initiation site for 
replication according to a rolling circle mechanism (Meyer e¿ ai., 1979 ; 
Gilbert & Dressler, 1968). In addition to its role in initiation, gene II 
protein is also involved in termination of viral strand replication. After one 
round of viral strand synthesis, gene II protein cleaves the concatomeric 
viral strand at exactly the same position where synthesis of the progeny 
strand was initiated, thereby releasing the displaced parental single-stranded 
DNA from the newly formed double-stranded DNA. Concomittantly, the resulting 
molecules are covalently closed by gene II protein yieldig circular single-
stranded viral DNA and relaxed double-stranded replicative form DNA (RF-IV). 
For efficient initiation of viral strand replication of wildtype Ff, 
besides a DNA sequence of approximately 50 nucleotides directly surrounding 
the gene II protein cleavage site (domain A or core region), a second region 
(domain В or replication enhancer sequence) located further downstream is also 
required (Cleary & Ray, 1980,1981 ; Dotto et αι., 1981). 
In a previous report the nucleotide sequence and genetic organization of 
the N-specific filamentous bacteriophage IKe has been presented and compared 
with that of the F-specific filamentous phages M13, fd and fl (Ff) (Peeters el. 
aj.., 1985a; Chapter III). The close homology of both the nucleotide sequences 
of the ( + )-origins as well as the primary amino acid sequences of the gene II 
proteins of IKe and Ff suggested that the latter proteins might be 
interchangeable. Complementation studies have demonstrated, however, that this 
is not the case (Peeters eÁ al., 1985b; Chapter IV). Furthermore, we have 
shown that a replication enhancer sequence is not required for the viral 
strand replication of IKe DNA (Peeters e.t al., 1985b; Chapter IV). 
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Although the gene II proteins of IKe and Ff do not complement each other, 
the replication origin of IKe is not completely inert to the action of gene II 
protein of Ff. This conclusion is based upon our observation that cloning of 
fragments containing the (+)-origin of IKe in Ff-derivatives, such as M13mp8, 
only yields recombinant phages in which the orientation of the IKe (+)-origin 
is opposite to the (+)-origin of M13mp8 (Peeters ei. al., 1985b; Chapter IV). 
This suggests that replication of recombinant phages that carry the (+)-
origins of IKe and Ff in the same orientation does not result in the 
formation of viable phage particles. 
To study the characteristics of this interaction in more detail, we have 
constructed recombinant plasmids containing the (+)-origins of both IKe and Ff 
either in the same or in opposite orientations. Subsequently the replication 
properties of these plasmids both in the absence as well as in the presence of 
functional gene II protein of either phage was studied. 
MATERIALS AND METHODS 
(a) Bacteria, phages and plasmids. 
The ÍL¿che./u_cA.La col-i. strains JM83 (Φ80 lacZ ΔΜ15, ала, кіасряо, ¿t/ik, 
ttu.), and N4156 {polk, end, ihy, gyih} have been described (Messing, 1979 ; 
Geliert e¿ al., 1977). To make the cells permissive for infection by IKe and 
Ff, the compatible conjugative plasmids N3 and F were introduced via 
conjugation into these strains (Peeters e.t al., 1985b; Chapter IV). 
Bacteriophage IR1 is a variant of the Ff phage fl, it was used instead of 
wildtype Ff because it is resistant to negative interference by plasmids that 
carry the ( + )-origin of Ff (Dotto e.t al., 1981 ; Enea & Zinder, 1982). 
Bacteriophage IKe has been described (Kathoon e.t al., 1972 ; Peeters e.t al., 
1985a; Chapter III). 
The construction and properties of the plasmids pIKori-2b(l) and pEMBLS, 
and the phage vector M13mp8 have been described (Peeters e¿ al-., 1985b; 
Chapter IV; Dente et al., 1983; Messing & Vieira, 1982). 
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(b) Enzymes and biochemicals 
The sources of restriction enzymes, T4 DNA ligase and DNA polymerase I 
(Klenow fragment) have been described (Peeters e.¿ al., 1985b; Chapter IV). 
Restriction enzyme incubations were performed using the three-buffer system 
described by Maniatis e.t al (1982) or with the buffer suggested by the 
supplier. Ligations were performed using the buffer recommended by Bethesda 
Research Laboratories. All other materials were purchased from sources given 
previously (Konings, 1980; Peeters et αι., 1983, 1985a; Chapter III, IV). 
(c) Transformation and detection of phages and transducing particles 
Transformation of competent cells and determination of the number of 
phages and ampicillin transducing particles present in the supernatant of a 
given culture was as decribed (Peeters et al., 1985b; Chapter IV). 
(d) Miscellaneous 
Miniscreen isolation of DNA was performed using the method of Birnboim & 
Doly (1979). Sequence analysis was done according to the dideoxy method 
described by Sanger et al (1977). 
To create blunt ends for cloning in the Smal site of plasmid pEMBL8, the 
ÍcoRl-BamHl fragment of plasmid pIKori2b(l) was treated with Klenow DNA 
polymerase I as described (Peeters et al., 1985b; Chapter IV). 
RESULTS 
(a) Cloning of the IKe origin in pEMBLS 
Previously we have demonstrated that cloning of the (+)-origin of IKe in 
the Ff-phage M13mp8 only results in viable recombinant phages in case the IKe 
(+)-origin was inserted in the orientation opposite to that of the (+)-origin 
of M13mp8 (Peeters et al., 1985b; Chapter IV). The fact that the IKe (+)-
origin interferes with the replication of the recombinant M13mp8 phages in 
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case its orientation is identical to that of M13mp8 indicates that it іь not 
the mere presence of the IKe DNA sequence that is responsible for this 
interference but rather that it is an intrinsic property of the DNA 
replication process. Most probably in the latter situation gene II protein of 
M13mp8 interacts in a specific way with the IKe (+)-origin thereby preventing 
correct replication of the recombinant DNA. 
To study this effect of gene II protein in more detail, we cloned the IKe 
( + )-origin in plasmid pEMBLS (Dente eJL al., 1983). The latter plasmid, which 
is derived from plasmid pUC8 (Vieira & Messing, 1982), contains, in addition 
to the ColEI-ongin of plasmid pBR322 (Bolivar e.t al., 1977), the entire IR 
including the (+)-origin and the morphogenetic signal of the Ff-phage fl. In 
this way we would be able to obtain recombinant plasmids that contain the (+)-
origins of both IKe and Ff either m the same or in opposite orientations 
since, due to the presence of the ColEI-ongin, the replication of these 
recombinant plasmids in uninfected £.co¿¿ cells should not be impaired. 
Subsequently, the gene II protein instructed DNA replication of these plasmids 
can be studied in phage-infected poi к cells because in these cells the ColET-
ongin is not functional (Bolivar e.L at., 1977). 
As a source of the IKe (+)-origin, we used plasmid pIKori-2b(l) (Peeters 
e.t ai., 1985b; Chapter IV). This plasmid contains besides the functional (+)-
origin of IKe a oi-ó-acting nucleotide sequence (morphogenetic signal) that is 
required for efficient packaging of the viral DNA into phage particles. 
Plasmid pIKori2b(l) was digested with £coRI and ВатШ. and the IKo 
fragment was isolated. After treatment with Klenow DNA polymerase I to create 
blunt ends the fragment was cloned into the Sma\ site of pE4BL8(+) and 
pEMBL8(-), respectively (Figure 1). Cloning of the IKe fragment in pEMBL8(-) 
resulted in two different plasmids in which the IKe (+)-origin was present in 
the same (pEM-A2(+)) and opposite (pEM-A2(-)) orientation with respect to the 
Ff (+)-origin, respectively. Similarly, cloning in plasmid pEMBL8(+) resulted 
in the plasmids, pEM-B2(+) and pEM-B2(-). A summary of the cloning procedures 
and the composition of the resulting plasmids is presented in Figure 1. 
The fact that, in the absence of gene II protein, the (+)-origins of IKe 
and Ff indeed can be present on the same replicón, strongly supports the 
assumption made above that it is the gene II protein instructed replication 
mechanism and not the DNA sequence of the IKe (+)-origin itself that is 
responsible for the fact that recombinant phages containing the (+)-origins of 
[Ke and Ff in the same orientation are not viable. 
103 
Smal Smal 
Figure 1. Construction of plasnids containing the (+)-origins of both IKe and 
Ff. The fragment containing the (+)-origin and morphogenetic signal of 
bacteriophage IKe was recovered from plasmid pIKori-2b(l) (Peeters ei. a£., 
1985b; Chapter IV) using ¿coRI and ВалШ and treated with Klenow DNA 
polymerase to create blunt ends. Subsequently it was cloned into the Smal-
site of Plasmids pEMBL8(-) and pEMBL8(+) in which the Ff (f1) (+)-origin is 
already present (Dente e¿ a£., 1983)· This resulted in the formation of 
recombinant plasmids in which the IKe ( + )-origin is present in the same (рГ>1-
A2(+) and pEM-B2(+)) and the opposite orientation (pEM-A2(-) and pEM-B2(-)) 
with respect to the fi (+)-origin. Ap: arapicillin resistance gene; ori: origin 
of replication of pBR322. Arrows indicate phage (+)-origins 
(b) Effect of gene II protein on the replication of 
plasmids carrying the (+)-origins of both IKe and Ff. 
To investigate the gene II protein instructed replication of the 
recombinant plasmids containing the (+)-origins of both IKe and Ff, plasmids 
pEM-A2(+), pEM-A2(-), pEM-B2(+) and pEM-B2(-) were transformed into IKe or Ff 
infected po£A cells and subsequently the cells were spread on plates 
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containing ampicillin. Plasmids pIKori-2b(l) and pEMBLS were used as controls. 
The results of these transformation experiments are presented in Table 1. From 
these data it can be concluded that plasmids that contain the origins of IKe 
and Ff in opposite orientations {i.e.. pEM-A2(-) and pEM-B2(-)) are able to 
transform both IKe-infccted as well as Ff-infected po-ik cells. On the 
contrary, plasmids that contain the origins of IKe and Ff in the same 
orientation only are able to transform either IKe infected (pEM-A2(+)) or Ff 
infected (pEM-B2(+)) polk cells. These results suggest that in plasmid pEM-
A2(+) only the IKe origin, and in plasmid pEM-B2(+) only the Ff origin is 
functional. An alternative explanation would be that during the replication 
of the recombinant plasmids one origin specifically has been deleted. 
Table 1. 
/гоіА(ІКе) /?oiA(Ff) 
pEM-A2(-) + + 
pEM-A2(+) + 
pEM-B2(-) + + 
pEM-B2(+) - + 
pEMBLS - + 
pIKori-2b(l) + 
Transformation of plasmids containing the (+)-origins of either IKe (pIKori-
2b(l) or Ff (pEMBLS) or both (pEM-series) in polk (N¿156) cells which have 
been infected with IKe or Ff. "+" indicates a transformation efficiency of 
1.0-3·0 χ IO1*, defined as the obtained number of ampicillin-resistant colonies 
per microgram plasmid DNA. "-" indicates that no transformants were obtained. 
To test these possibilities the plasmid DNA present in the transformed 
polA cells was isolated and analyzed by agarose gel electrophoresis. The 
results, which are presented in Figure 2, show that in phage infected polk 
cells transformed with plasmids pEM-A2(-) and pEM-B2(-), plasmids are present 
which have the same size as the parental plasmids. On the contrary, in 
infected polk cells transformed with plasmids pEM-A2(+) and pEM-B2(+), DNA 
molecules are present that are smaller in size than the original plasmids. 
These plasmids were called pEM-Al and pEM-Bl, respectively. Restriction enzyme 
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digestions confirmed that the plasmid DNA isolated from cells transformed with 
pEM-A2(-) and pEM-B2(-) was identical to the original plasmids (data not 
shown). This indicates that during the replication of these plasmids neither 
nucleotide sequences have been deleted nor that DNA rearrangements have taken 
place. 
Analysis of pEM-Al and pEM-Bl revealed that in these plasmids the small 
DNA region located between the two phage-origins has been deleted. Generation 
of these plasmids is most probably caused by a replication process in which 
replication is initiated by gene II protein at one origin and terminated at 
the other origin, resulting in the deletion of those DNA sequences that are 
not replicated. 
Figure 2. 1% Agarose gel electrophoresis of the DNA present in phage infected 
polA cells which have been transformed by plasmids containing the origin of 
both IKe and Ff (Figure 1). 
Left: (A) pEM-A2(-) in /гоіА(ІКе), (В) pEM-A2( + ) in /?oiA(IKe), (С) plasmid 
pEMBLS, (D) IKe replicative form DNA 
Right: (A) Ff replicative form DNA, (В) plasmid pEMBLS, (C) pEM-B2(-) in 
/?o/A(Ff), (D) pEM-B2( + ) in polk{Ff). 
To establish unambiguously that the observed reduction in size is indeed 
due to premature termination of replication by gene II protein, plasmids pEM-
A2(-) and pEM-A2(+) were transformed in strain JM83/N3 and plasmids pEM-B2(-) 
and pEM-B2(+) were transformed in JM83/F1. Single colonies were grown 
overnight and used to prepare a fresh culture. After growth for about six 
hours the cultures were divided in two halves. One half was infected with 
either IKe (JM83/N3) or Ff (JMBS/F') and the other half was kept uninfected. 
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the cells were further grown overnight and subsequently their plasmid DNA was 
isolated and analyzed by agarose gel electrophoresis. 
Our data, presented in Figure 3, clearly show that in phage-infected 
cells harboring plasmids pEM-A2(+) and pEM-B2(+), besides the parental 
plasmids, new plasmids are generated which are absent from uninfected cells. 
The sizes of the latter plasmids are identical to those of plasmids pEM-Al and 
pEM-Bl, respectively, (Figure 2). On the contrary in phage infected cells 
containing plasmids pEM-A2(-) and pEM-B2(-), only the parental plasmids are 
present. These results demonstrate that gene II protein indeed is responsible 
for the generation of the deletions, and that these deletions only take place 
in those plasmids in which the orientations of the (+)-origins of IKe and Ff 
are identical. 
A B C D E F G H I 
dimer »-
monomer »-
Figure 3· 1% Agarose gel electrophoresis of the DNA present in uninfected and 
phage-infected JM83 cells containing the pEM-plasmids (shown in Figure 1) in 
which the (+)-origins of both IKe and Ff are present. See text for details. 
(A) pEM-A2(-), uninfected; (B) pEM-A2(-), IKe-infected; (C) pEM-A2(+), 
uninfected; (D) pEM-A2(+), IKe-infected; (E) pEM-B2(-), uninfected; (F) pEM-
B2(-) Ff-infected; (G) pEM-B2(+), uninfected; (H) pEM-B2(+), Ff-infected; (I) 
plasmid pEMBLS. 
(c) The structure of the fusion-origins 
It is conceivable that during formation of plasmids pEM-Al and pEM-Bl a 
new replication origin is generated by fusion of the (+)-origins of IKe and 
Ш teJ W ^ w« *•* 
W W W ^ — — — — ^ 
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Figure Λ· (A) Sequencing gels showing the nucleotide sequences of the (+)-
origins of IKe wildtype (a), Ff (M13) wildtype (b), and the fusion origins 
present in plasmids pEM-Al (c) and pEM-Bl (d). 
(B) Nucleotide sequence of the region surrounding the (+)-origins of IKe and 
Ff, Homologous nucleotides are indicated by asterisks between the two 
sequences. The cleavage site of gene II protein is indicated by an arrow, and 
the nucleotide sequence is numbered with respect to the cleavage site. The 
presumed secondary structure of the nucleotide sequences designated D and E 
is shown beneath. 
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II. Nucleotide sequence analysis of the region of interest of these plasmids 
confirmed that indeed fusion of the origins has taken place (see Figure 4a). 
As can be seen, fusion has taken place in the region of 20 nucleotides that is 
exactly identical in both IKe and Ff (Figure 4b). 
The observation that transformation of Ff-infected po¿k cells by plasmid 
pEM-A2(+) does not result in the formation of ampicillin resistant colonies 
(Table 1), indicates that the gene II protein of Ff cannot initiate 
replication at an IKe origin. Initiation probably occurs at its Ff origin, 
but as a result of replication termination at the IKe origin, that part of the 
plasmid that contains the gene specifying resistance to ampicillin is not 
replicated and thus no ampicillin resistant transformants will be formed (see 
Figure 5). That gene II protein of Ff indeed terminates at the IKe origin 
follows from formation of pEM-Bl and is confirmed by the nucleotide sequence 
of its fusion origin (Fig. 4). Accordingly, IKe gene II protein is not able to 
start replication at the Ff origin since pEM-B2(+) does not yield ampicillin 
resistant transformants in Ff-infected polA cells. That IKe gene II protein 
can terminate replication at the Ff origin again follows from the formation of 
pEM-Al, and is confirmed by the nucleotide sequence of the fusion origin. In 
conclusion, these results demonstrate that the gene II proteins of IKe and Ff 
can only initiate viral strand replication at their homologous (+)-origins, 
whereas their function in the process of replication termination is 
interchangeable. The mechanism by which the fusion origins are generated is 
illustrated in Figure 5. 
The structure of the fusion origins of pEM-Al and pEM-Bl is such that the 
nucleotide sequence of region D and sequences further upstream are derived 
from one phage while the nucleotide sequence of region E and sequences 
downstream are derived from the other phage (Figure 4). To establish, whether 
these fusion origins serve as functional (+)-origins for the gene II proteins 
of both IKe as well as Ff, we transformed plasmids pEM-Al and pEM-Bl in polk 
cells that were infected with either IKe or Ff. Plasmids pEM-A2(-) and pEM-
B2(-) served as controls. The results presented in Table 2 show that plasmid 
pEM-Al is not able to transform Ff-infected potk cells, indicating that its 
fusion origin is not a functional origin for gene II protein of Ff. Similarly, 
plasmid pEM-Bl is not able to transform IKe-infected poik cells. These results 
demonstrate that plasmids that contain a fusion origin, only can be replicated 
by the gene II protein encoded by the phage from which the nucleotide sequence 
lying at the 3' side of the fusion site is derived. The latter nucleotide 
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sequence thus determines the specificity of the replication origin for gene II 
protein. 
Table 2. 
/?оіЛ(ІКе) flo£A(Fi) 
pEM-Al + 
pEM-A2(-) + + 
pEM-Bl - + 
pEM-B2(-) + + 
Transformation of plasmids containing either an IKe-Ff fusion-origin (pEM-Al 
and pEM-B1) or both phage origins (pEM-A2(-) and pEMB2(-)) in phage-infected 
ро£к cells. Transformation efficiencies are defined as described in the legend 
of Table 1. 
(d) Packaging 
Previously we have shown, that plasmids that contain the functional 
replication origin of IKe can be packaged into phage-like particles provided 
that they also contain a particular DNA sequence (morphogenetic signal) which 
overlaps with the 3' terminal end of gene IV and the 5' terminal end of the 
intergenic region (Peeters ei oí., 1985b; Chapter IV). This functional 
nucleotide sequence is probably the homologous counterpart of the 
morphogenetic signal of Ff to which it shows a considerable degree of homology 
(Dotto ei ai., 1981; Dotto & Zinder, 1983; Peeters е± αϊ., 1985а; Chapter 
III). 
Plasmid pEM-Al contains the morphogenetic signal of Ff in conjunction 
with the fusion origin that is recognized by gene II protein of IKe. 
Similarly, in plasmid pEM-Bl the morphogenetic signal of IKe is coupled to the 
fusion origin that is recognized by gene II protein of Ff. 
In order to establish whether plasmids pEM-Al and pEM-Bl are efficiently 
packaged by IKe and Ff, single colonies of phage infected polk cells 
containing either pEM-Al or pEM-Bl (Table 2) were grown overnight and the 
number of ampicillin transducing particles and phages present in the 
supernatant was determined. Cells containing plasmids pEM-A2(-) and pEM-B2(-) 
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served as controls. From the data presented in Table 3 it can be concluded 
that plasmid pEM-Al is efficiently packaged by IKe and that plasmid pEM-Bl is 
efficiently packaged by Ff. These results demonstrate that, in contrast to the 
replication origins, the morphogenetic signals of IKe and Ff are 
interchangeable. 
Table 3. 
PFU/ml CFU/ml 
/?oiA(IKe) + pEM-Al 5 χ IO9 l x IO9 
/?o¿A(IKe) + pEM-A2(-) 4 χ IO9 4 χ IO8 
/?oiA(Ff) + pEM-Bl 8 χ IO 1 0 1.5 χ IO9 
/?oiA(Ff) + pEM-B2(-) 4 χ IO 1 0 3 χ IO9 
Production of phages and ampicillin-resistance transducing particles by phage-
infected pc-lA cells harboring plasmids that contain either the ( + )-origins of 
both IKe and Ff (pEM-A(-) and pEM-B2(-)) or an IKe-Ff fusion-origin (pEM-Al 
and pEM-Bl). The number of phages (plaque forming units, PFU/ml) and 
transducing particles (colony forming units, CFU/ml) was determined as 
described (Peeters e¿ al., 1985b¡ Chapter IV). 
As expected, plasmids pEM-A2(-) and pEM-B2(-) which contain the (+)-
origins and morphogenetic signals of both IKe and Ff in opposite orientations 
are efficiently packaged both by IKe and Ff. Hybridization studies have 
demonstrated that the packaging process is highly specific, that is, only the 
strand containing the (+)-origin that is recognized by gene II protein is 
packaged into phage-like transducing particles (data not shown). 
DISCUSSIW 
In this report we have demonstrated that the gene II proteins of the 
filamentous phages IKe and Ff are only able to initiate viral strand 
replication at their own origin. Initiation of replication at a fusion origin 
is also possible provided that the nucleotide sequence lying at the 3' side of 
the gene II protein cleavage site is derived from the same phage. On the 
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contrary, termination of replication by the gene II proteins of IKe and Ff can 
take place at either origin suggesting that the specificity of the initiation 
process is probably not due to the inability of the gene II proteins to cleave 
the (+)-origin of the other phage. This assumption is based upon the 
observation that cleavage of the viral strand by gene II protein occurs at 
exactly the same position during initiation and termination. Based upon 
the nucleotide sequence of the fusion origins and the fact that the nucleotide 
sequences surrounding the cleavage sites are highly conserved (Figure 4), we 
assume that the gene II proteins of IKe and Ff are able to cleave the viral 
strand of either phage at identical positions. From a theoretical point of 
view it is possible, however, that during initiation of viral strand 
replication IKe gene II protein cleaves at another position within the 20 
conserved nucleotides of the (+)-origin than gene II protein of Ff. If this is 
the case then IKe gene II protein must cleave the viral DNA at the same site 
during replication termination otherwise this would result in nucleotide 
sequence duplications or deletions. The nucleotide sequence of the fusion 
origins reveals that this is not the case (Figure 4). 
The observation that the gene II proteins of IKe and Ff are able to 
recognize and cleave both termination sites, indicates that the nucleotide 
sequence which harbors the recognition signal for cleavage by gene II protein 
is highly conserved. Dotto et al (1982b, 1984) have demonstrated that the 
nucleotide sequence of Ff that is required for cleavage by gene II protein is 
located from position -4 till somewhere between +11 and +29 with respect to 
the cleavage site. Comparison of the nucleotide sequence of the (+)-origins of 
IKe and Ff shows that the sequence starting 3 nucleotides before the cleavage 
site till 17 nucleotides after it is completely conserved (Figure 4). It is 
therefore very probable that the nucleotide sequence that is required for 
cleavage by gene II protein of IKe and Ff is limited to these 20 conserved 
nucleotides. 
The signals that are responsible for the specificities of the gene II 
proteins during initiation of viral strand replication must therefore be 
located m that part of the (+)-origins of IKe and Ff where the nucleotide 
sequences are different. In principle this would be the sequence lying 
downstream of nucleotide +17. Although in wildtype Ff a nucleotide sequence of 
approximately 100 nucleotides (replication enhancer) lying at the 3' side of 
the (+)-origin is needed for efficient initiation of replication, it has 
recently been shown that this domain is dispensable in certain Ff mutants and 
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Figure 5· Schematic drawing showing the process in which the fusion origins of 
IKe and Ff are generated. Replication of plasmid pEM-A2(+) is initiated by IKe 
gene II protein at the IKe (+)-origin and proceeds up till the Ff origin where 
replication is terminated. After termination, gene II protein ligates the 5'-
end to the З'-end yielding a circular single-stranded DNA molecule which is 
converted back into a double-stranded form by host enzymes. The resulting 
plasmid (pEM-AI) contains a fusion origin which is recognized by IKe gene II 
protein only. The fusion origin of pEM-BI is generated in a similar event in 
which replication is initiated at the Ff-origin and terminated at the IKe-
origin. Ap: ampicillin resistance gene, ori: replication origin of pBR322. 
derivatives, including the phages of the M13mp series (Dotto & Zinder, 
1984a,b). We have shown that, in contrast to Ff, for the efficient initiation 
of replication of IKe, no enhancer sequence is needed (Peeters e.t aL., 1985b; 
Chapter IV). 
Despite this observation we have shown that plasmids that contain the 
(+)-origin of IKe still cannot be replicated by Ff phages which have lost the 
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need for the replication enhancer sequence (Peeters e¿ αι., 1985b; Chapter 
IV). The latter therefore suggest that the specific initiation signals for 
viral strand replication are confined to the core region (domain A) of the 
replication origin -i.e. a region of approximately 50 nucleotides directly 
surrounding the gene II protein cleavage site. The 3'-borders of these regions 
of IKe and Ff have been located at positions +49 and +40, respectively 
(Peeters e.i al., 1985b; Chapter IV; Dotto at ai., 1984). These values are, 
however, not absolute. The real 3'-border might even be located more upstream. 
Thus, the sequence which is responsible for the specificity of the initiation 
of viral strand replication is located from position +17 till +40 and +17 till 
+49 in Ff and IKe, respectively. Possibly only the difference in structure and 
sequence of hairpinloop E (Figure 4) of IKe and Ff is responsible for the 
observed specificity. Support for the latter assumption is given by a recent 
report of Johnston & Ray (1984) m which it is shown that phages that carry 
deletions at the 3' side of the (+)-origin, leaving intact the sequence up 
till position +32 with respect to the gene II protein cleavage site, are still 
able to replicate. 
From our knowledge that initiation but not termination of replication is 
specific, it now becomes clear why cloning of the (+)-origin of IKe downstream 
of the (+)-origin of phage M13mp8 only yields recombinant phages in which the 
orientation of the IKe origin is opposite to that of M13mp8. In recombinants 
containing the origins of Ff and IKe in the same orientation, replication 
starts at the M13 origin and proceeds up to the IKe origin where replication 
is terminated. Thus only the small part of the phage genome lying between the 
two origins is replicated while the other part containing all essential phage 
genes is not. Consequently no viable phages will be formed. 
The fact that plasmid pEM-Al which contains the morphogenetic signal of 
Ff can efficiently be packaged by IKe into infective phage-like particles 
containing single-stranded plasmid DNA, demonstrates that, in contrast to the 
replication origin, the morphogenetic signal of IKe is not phage-specific. The 
same conclusion holds for the corresponding signal of IKe (Table 3). Thus 
despite the fact that the morphogenetic signals of IKe and Ff are only 
partially homologous (Peeters ei. xit'., 1985a; Chapter IV, Fig. 4), they still 
are recognized by those proteins of IKe and Ff that fulfil a key role in the 
processes of phage assembly and extrusion. 
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Chapter VI 
Plasmid pKUN9, a New Versatile Vector for the 
Selective Packaging of Both DNA Strands into, 
Single-Stranded DNA Containing, Phage-like Particles 
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ABSTRACT 
A new versatile vector plasmid, pKUN9, has been constructed which, simply 
by infection of cells harboring this plasmid with either bacteriophage IKe or 
Ff (M13, fd and fl), permits the selective packaging of both of its DNA 
strands into, single-stranded DNA containing, phage-like particles. The 
plasmid, which is a derivative of plasmid pUC9 (Vieira, J. & Messing, J. 
(1982) Cene. 19, 269-276), contains in opposite orientations the replication 
origins and contiguous packaging signals of the distantly related filamentous 
phages IKe and Ff. As a result of the selective packaging, both strands of a 
DNA fragment cloned in pKUN9 can be obtained from one single clone, making it 
an attractive tool for shotgun DNA sequencing. Furthermore, each strand of the 
DNA fragment can be sequenced by the dideoxy method using commercially 
available (+) and (-) sequencing primers. 
Plasmid pKUN9 possesses all unique properties incorporated in the M13mp 
phages and the pUC plasmids, such as the presence of multiple unique cloning 
sites and the possibility to identify recombinant plasmids in one step on 
appropriate indicator plates. 
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IhTRODüCTION 
Replication of the single-stranded (ss) DNA genome of the N-specific 
(IKe) and F-specific (M13, fd and fl) filamentous bacteriophages occurs in 
three stages, -L.e-. 1. conversion of the parental ssDNA to a double-stranded 
intermediate (RF), 2. replication of RF yielding a large pool of RF molecules 
and 3. conversion of RF back to viral progeny ssDNA (Denhardt et at., 1978). 
Whereas in the first stage only host en7ymes are involved, the phage encoded 
gene IT protein іь absolutely required for RF-replication and ssDNA synthesis. 
Gene II protein introduces a nick at a specific position (viral strand 
replication origin or ( + )-origin) in the viral strand (Meyer et ciA., 1979), 
thereby creating а З'-ОН primer for replication according to a rolling circle 
mechanism. After one round of replication gene II protein again cleaves the 
displaced viral strand at exactly the same position, separating the parental 
(+) strand from the newly synthesized (+) strand. ConcomiLtantly, the 
resulting RF and ssDNA molecules are covalently closed yielding circular 
molecules (Meyer & Gelder, 1982). Early in infection the newly synthesized 
ssDNA is converted into RF. Late in infection, however, the ssDNA is covered 
by the phage encoded ssDNA binding protein (gene V protein) leading to the 
synthesis of progeny ssDNA. Maturation of phage particles takes place at the 
host cell membrane. For this process a specific DNA sequence (morphogenetic 
signal) contiguous to the (+)-origin is required (Dotto & Zinder, 1983 ; 
Peeters et al., 1985c; Chapter V). 
Recently we showed that the biological functions of the gene II proteins 
of IKe and Ff are not exchangeable (Peeters et al., 1985b; Chapter IV). In 
addition we have demonstrated that, provided the orientation of the origins of 
viral strand replication is opposite to one another, recombinant plasmids that 
contain the (+)-origins of both IKe and Ff can be replicated by gene II 
protein of either phage. In the presence of IKe gene II protein, only the IKe 
(+)-origin is used for replication whereas the (+)-origin of Ff is used in 
case gene II protein of Ff is present (Peeters et al., 1985c; Chapter V). 
Furthermore, these plasmids can be efficiently packaged into phage-like 
particles provided they also contain the phage morphogenetic signal. The 
function of this signal is coupled to the presence of a functional phage (+)-
origin on the same DNA strand (Dotto et al., 1981 ; Dotto & Zinder, 1983 ; 
Peeters et al., 1985c; Chapter V). 
Consequently, if a recombinant plasmid carries both the replication 
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origin as well as the morphogenetic signal of each phage in an opposite 
orientation, one might expect that infection of cells harboring such plasmid 
with either IKe or Ff, will lead to packaging of either DNA strand into phage-
like particles. As these properties are very attractive for shotgun DNA 
sequencing, we have incorporated these selective packaging capabilities in a 
new versatile cloning/sequencing vector, pKUN9, which is a derivative of 
plasmid pUC9. The latter plasmid was chosen because it already possesses 
several unique properties for cloning (Vieira & Messing, 1982). 
MATERTALS AND METHODS 
(a) Bacteria, phages and piasmids 
f-óoWic/i-ia cot¿. JM101/F7N3 (¿ирЪ, Un., Д(іас-/?/іоАВ), [F', ¿даОЗб, 
р/іоКЪ, іасі ΖΔΜ15], [N3, tei, ліл.е.р, лиА^] , was constructed by introduction 
±а conjugation of the N3 plasmid of strain JE2571 into strain JM101 (Messing, 
1979) as described (Peeters et al., 1985b, Chapter IV). Strains N4156 and 
N4156/F' {polk, end, Uiy, дуяк) are described by Geliert et al, 1977. 
Bacteriophage IRl, a derivative of fl, was used for packaging ûf the F-
strand of plasmid pKUN9 because IRl is resistant to negative interference by 
piasmids that carry a functional fl origin (Dotto et al., 1981; Enea & Zinder, 
1982). Bacteriophage IKe-9 which is a variant of wt IKe (Kathoon et al., 1972) 
was isolated by us and was used for the packaging of plasmid pKUN9 because 
infection with this phage results in a much higher yield of transducing 
particles than infection with wt IKe (unpublished results). 
Plasmid pIKori-2b(l) contains an IKe DNA fragment on which both the 
replication origin of IKe as well as the morphogenetic signal that is required 
for the packaging of single-stranded DNA into phage-like particles are located 
(Peeters et al., 1985b). Plasmids pEMBLS and pUC9 have been described (Dente 
et al., 1983 ; Vieira & Messing, 1982). 
(b) Enzymes and biochemicals 
All restriction enzymes, T4-DNA ligase and DNA polymerase I (Klenow 
fragment) were obtained from Bethesda Research Laboratories, New England 
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Biolabs or Boehringer-Mannheim and used with the three-buffer system described 
by Maniatis ei. al (1982) or with the buffer suggested by the supplier. 
To create blunt ends, 1 ug of DNA was treated with 1 unit of Klenow DNA 
polymerase I in 20 mM Tris-HCl pH 8.0, 75 mM KCl, 5 mM MgCb, 1 mM DTT and 100 
uM of all four dNTP's for 30 minutes at 370C. The reaction mixture was spun 
through a Sephadex G-50 superfine column and the DNA was precipitated with 
ethanol. 
The deoxy-oligonucleotidc sequencing primers 5' dG-T-A-A-A-A-C-G-A-C-G-G-
C-C-A-G-T-G 3' ((-) or master primer) and 5' dA-A-C-A-G-C-T-A-T-G-A-C-C-A-T 3' 
((+) or reverse primer) were synthesized by Dr J. van Boom and co-workers 
(Department of Organic Chemistry, Leiden University). The master (-) primer is 
complementary to the codogenic whereas the reverse (+) primer is complementary 
to the non-codogenic strand of the lacZ gene (Figure 4). 
The sources of the other biochemicals used have been given previously 
(Konings, 1980 ; Peeters e¿ ai., 1983, 1985a). 
(с) Transformation and calculation of the 
number of phages and transducing particles 
L.coLL was made competent and transformed by the method of Mandel & Higa 
(1970) as described by Maniatis et al (1982). If required the cells were 
infected by IKe or Ff 10 minutes prior to CaCla-treatment. 
Transformed cells were spread on 2YT agar-plates (Miller, 1972) 
containing 100 ug/ml of ampicillin and 0.00Д% of X-gal when appropriate. 
The number of infective phages and ampicillin transducing particles was 
determined as described previously (Peeters e.t a¿., 1985b; Chapter IV). 
(d) Isolation of single-stranded DNA and sequence analysis 
¿.col-i JM101/F7N3 harboring plasmid pKUN9 was grown at 37 С until the 
culture had reached a density of 5xl08 cells/ml. Subsequently the cells were 
infected with either bacteriophage IKe-9 or IR1 at a multiplicity of infection 
of 20. After incubation overnight, 1.5 ml of culture was centrifuged for 5 
minutes in an Eppendorf microfuge and 1 ml supernatant was transferred to a 
fresh tube. 250 ul of 2.5 M NaCl, 20% PEG-6000 was added, mixed and left at 
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room temperature for 15 minutes. After centrifugation for 10 minutes in an 
Eppendorf microfuge the supernatant was removed and the precipitate was 
dissolved in 100 μΐ of TE (10 ішМ Tris-HCl pH 7.6 , 1 mM EDTA) and extracted 
once with 50 μΐ of TE-saturated phenol. The DNA in the aquous layer was 
precipitated with 2.5 volumes of ethanol in the presence of 0.3 M NaOAc pH 
5.6. After standing at -20 or -700C for several hours the DNA precipitate was 
collected by centrifugation and the pellet was washed once with 70% ethanol, 
dried and dissolved in 25 ul of TE. 
DNA sequence analysis was performed by the dideoxy-method described by 
Sanger e¿ al (1977) using 5 μΐ of template DNA. In case packaging was 
instructed by phage IR1, the single-stranded DNA (F-strand) was sequenced with 
the aid of the reverse (+) sequencing primer whereas the master (-) primer was 
used for the sequence analysis of the DNA strand (I-strand) packaged under the 
instruction of IKe-9 (Figure A). Commercially available sequencing primers can 
be used as well. 
RESOUS 
(a) Construction of pKUN9 
For the construction of pKUN9 we chose pUC9 (Vieira & Messing, 1982) as 
parental plasmid because it contains several attractive features for cloning. 
Foreign DNA can be inserted at a variety of restriction endonuclease cleavage 
sites within a short polylinker DNA, present in the coding sequence of the ot-
peptide of 3-galactosidase. This allows the direct identification of 
recombinant clones without the need of replica-plating on appropriate 
indicator plates (Messing, 1983). 
Plasmid pUC9 contains unique recognition sequences for the restriction 
enzymes /Vo/il and Ndel. These sites are located close to one another between 
the lac-Z gene and the gene specifying resistance to ampicillin (Figure 1). 
Because the A'cfil-site has been succesfully used for the construction of the 
pEMBL-plasmids (Dente e¿ a£., 1983), we anticipated that both sites could be 
used for the insertion of foreign DNA without affecting the properties of 
plasmid pUC9. 
Previously we have described the construction of a plasmid, pIKori-2b(l), 
that contains both the functional (+)-origin and the morphogenetic signal of 
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bacteriophage IKe (Figure 1) (Peeters e.t al., 1985b; Chapter IV). The IKe-
insert was recovered from this plasmid by digestion with £coRI and BamWl, 
treated with Klenow DNA Polymerase I to create blunt ends and subsequently 
cloned into the AWel-site of pUC9 which had also been treated with Klenow 
DNA Polymerase I. Because insertion of the IKe-fragment into the ЛсіеІ site of 
pUC9 does not result m a selectable phenotypical change, recombinant plasmids 
were selected by making use of the fact that the ColEl-origin of pUC9 is not 
functional in cells lacking DNA polymerase I (Bolivar e¿ al., 1977). In cells 
in which this enzyme is absent {polk mutants) pUC9-derived recombinant 
plasmids cannot replicate unless another functional origin is present. The 
ligation mixture was therefore used to transform po-lk cells which had been 
infected with IKe to provide -иг Viano a source for gene II protein. 
Ampicillin-resistant colonies were obtained indicating that the IKe (+)-origin 
was succesfully cloned. The plasmid DNA of several colonies was isolated and 
used to transform strain JMIOI/F'/NS. After selection on plates containing 
ampicillin and X-gal, the plasmid DNA of several blue colonies was isolated 
and analyzed by restriction enzyme digestion (data not shown). The results 
demonstrated that the IKe fragment had been cloned in both orientations. The 
plasmid that contained the (+)-origin of IKe in an orientation identical to 
that of the lac-Z gene of pUC9 was called pUCI-2e (Figure 1). 
The functional (+)-origin plus the morphogenetic signal of the Ff phage 
fl is contained in an /lóal-fragment that almost completely spans the phage 
intergenic region (Hill & Petersen, 1982). The same fragment is also present 
in the fi DNA sequence present in the pEMBL-plasmids (Dente di al., 1983). 
After digestion of plasmid pEMBL8(-) with ЯіаІ, the 514 bp fragment containing 
the (+)-origin and the morphogenetic signal of fl was isolated. Subsequently 
this fragment was ligated into the /Va/il-site of pUCI-2e which previously had 
been treated with Klenow DNA polymerase I to create blunt ends. After 
transformation of IRl-infected po-ék cells, ampicillin-resistant colonies were 
obtained and their plasmid DNA was isolated and used to transform strain 
JMIOI/F'/NS. Analysis of the plasmid DNA of several blue ampicillin-resistant 
colonies by restriction enzyme digestion (data not shown) indicated that all 
plasmids examined had an identical stucture and contained the fl (+)-origin in 
an orientation opposite to that of IKe and the lacZ gene. The construction and 
structure of this plasmid, called pKUN9, is schematically drawn in Figure 1. 
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Figure 1. Construction of plasmid pKUN9. Fragments containing the viral strand 
replication origin ((+)-origin) and contiguous packaging signal of the 
filamentous phages IKe and Ff (f 1 ) were cloned into the unique Nde.1 and Nasil 
sites of plasmid pUC9, respectively, yielding plasmid pKUN9. See text for 
details. The (+)-origins are indicated by an arrow and a plus sign in 
parentheses (+). The cleavage site of the restriction enzymes used in the 
construction of pKUN9 are indicated. Ap: ampicillin resistance gene, ori: 
replication origin of pUC9. 
(b) Selective and efficient packaging of the DNA strands of pKUN9 
To obtain evidence that both under the instruction of IKe-9 as well as 
IRl, ssDNA of pKUN9 is efficiently packaged into particles transducing 
ampicillin resistance, JM101/F'/N3 cells harboring plasmid pKUN9 were grown to 
a density of 5 χ IO8 cells/ml and subsequently infected with either IKe-9 or 
IRl (multiplicity of infection of 20). After infection overnight the number 
of infective phages and transducing particles was established. From the data 
presented in Table 1, it can be seen that the number of transducing particles 
present in the supernatant of both IKe-9 as well as IRl infected cultures is 
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approximately IO11/ml, which is identical to or slightly less than the number 
of phages present in the supernatant. This indicates that plasmid pKUN9 is 
packaged efficiently by the helper phages. 
Similar observations were made after isolation of the ssDNA from culture 
supernatants and subsequent fractionation on agarose gels (Figure 2). In each 
DNA preparation two ssDNA species, one representing phage DNA and the other 
plasmid DNA were present in large amounts. For reasons still unknown, phage 
IKe-9 gives rise to additional DNA species. This is probably due to the 
presence of miniphages in the supernatant. 
From the data presented above we conclude that both under the instruction 
of IKe-9 as well as IR1, ssDNA of pKUN'9 is efficiently packaged into phage-
like particles. 
Table 1. 
Infective phages Transducing particles 
(pfu/ml) (cfu/ml) 
JM101/F7N3 + pKUN9 
IKe-9 infected l.A χ IO 1 1 1.4 χ IO 1 1 
JM101/F7N3 + pKUN9 
IR1 infected 2.1 χ IO 1 1 0.8 χ IO 1 1 
Production of phages and transducing particles by phage-infected cells 
harboring plasmid pKUN9· The number of plaque forming units (pfu) and 
transducing particles (cfu) was determined as described in Materials and 
Methods. 
(c) Sequence analysis of single-stranded plasmid DNA 
The fact that gene II protein of IKe is unable to replicate DNA molecules 
containing the (+)-origin of Ff, and ісл елш (Peeters et al., 1985b,с; 
Chapters IV and V), indicates that after infection by IKe-9 of cells harboring 
pKUN9 only the (+)-origin of IKe, and after infection by Ff only the (+)-
origin of Ff will be used for replication by gene II protein. Consequently 
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Figure 2. 1% agarose gel electrophoresis of the single-stranded DNA isolated 
from the culture supernatant of phage-infected plasmid-less or pKUN9-harboring 
JMIOI/F'/NS cells (see Materials and Methods). A: JM101/F,/N3 harboring 
Plasmid pKUN9, IRI-infected; B: JM101/F'/N3, IRI-mfected; C: JM101/Í'/N3 
harboring plasmid pKUN9, IKe-9 infected; D: JMIOI/F'/^, IKe-9 infected. 
The smaller bands in lanes С and D represent single-stranded DN1 from mim-
phages wnich, for reasons still unknown, arise in IKe-9 infected cells. 
after infection by IKe-9 the I-strand and after infection by IR1 the F-
strand will be packaged into transducing phage-like particles. To provide 
evidence that this is indeed correct, the nucleotide sequence of the lacZ gene 
present on the single-stranded plasmid DNA isolated from the culture 
supernatant of IKe-9 and IR1 infected cells was established with the aid of 
the master- and reverse sequencing primers (Materials and Methods). Because 
these primers are complementary to only one strand of the lacZ gene (which is 
present in both the I- and F-strand of pKUN9 but not m the phage DNA), 
sequence analysis using these primers wi11 determine whether only one or both 
strands of pKUN9 are present in the ssDMA preparations. As shown m Figure 3, 
the nucleotide sequence of the lacZ gene present in the ssDNA isolated from 
transducing particles produced by IKe-9 infected cells can be established 
using the master primer whereas for the analysis of the nucleotide sequence of 
the lacZ gene present in the ssDNA isolated from transducing particles 
produced by IR1 infected cells, the reverse primer must be used. Similar 
H The I- and F-strands are defined as the strand packaged by IKe-9 and IR1, 
respectively. 
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conclusions were reached after dot-blot hybridization of the ssDNA 
preparations using the same primers as probe. The master primer only 
hybridized to ssDNA packaged by IKe-9 whereas the reverse primer only 
hybridized to IRl packaged DNA (data not shown). 
These observations definitely prove that after infection of cells 
harboring pKUN9 with IKe-9 the I-strand, and after infection with IRl the 
complementary (F-strand) efficiently and selectively is packaged into phage-
like transducing particles. Moreover, the results demonstrate that the ssDNA 
isolated from these particles can easily be used for nucleotide sequence 
analysis. 
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Figure 3· Sequence analysis of the single-stranded DNA isolated from the 
supernatant of either IKe-9 infected JMIOI/F'/N3 cells harboring plasmid 
pKUNg» using the master/(-)-sequencing primer (left), or IRl infected 
JMIOI/F'/NS cells harboring plasmid pKUN9, using the reverse/(+)-primer 
(right). The sequence shows the region containing the multiple cloning sites 
in the beginning of the lacZ gene (cf. Figure 4). 
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DISCUSSION 
During the last few years a large number of recombinant DNA molecules 
have been constructed in which several unique biological functions have been 
combined to yield attractive tools for cloning and manipulation of DNA (Old Λ 
Primrose, 1982). These vectors are generally characterized by the presence of 
a genetic determinant the phenotype of which is altered by insertional 
inactivation. In addition these vectors contain multiple unique restriction 
enzyme cleavage sites allowing the direct cloning of a variety of restriction 
fragments. 
More recently cloning vehicles have been constructed which allow the 
direct identification of recombinant clones without the need of replica 
plating. The most versatile of these vectors are the filamentous phage vectors 
and pUC-plasmids which make use of complementation of the lacZ mutation of 
suitable host strains (Vieira & Messing, 1982 ; Messing, 1983). Recently, 
Dente ci. a¿ (1983) have described the construction of a family of cloning 
vectors in which the properties of the pUC-plasmids and the МІЗтр-phages are 
combined. By cloning a fragment containing the functional replication origin 
and the morphogenetic signal of the Ff-phage fl into the pUC-plasmids, new 
plasmid-vectors (pEMBL-plasmids) were obtained. In the absence of helper-
phages replication of these plasmids is dependent on the ColEl origin. Upon 
superinfection of cells harboring these plasmids with phage IR1 (a derivative 
of fl), the plasmids enter the Ff-mode of replication leading to the selective 
packaging of one strand (F-strand) into phage-like particles. 
Although the МІЗтр-phages and the pEMBL-plasmids are particularly suited 
for the preparation of large amounts of single-stranded DNA which, for 
instance, can be used for DNA sequence analysis, they suffer from one great 
drawback. With the aid of these vectors only one of the DNA strands (.¿.£. the 
strand on which the origin of viral strand replication is located) can be 
packaged. Since it is generally neccessary to establish the nucleotide 
sequence of both strands of a DNA fragment, the fragment of interest must 
therefore be cloned in both orientations in the same vector. Frequently, 
however, the DNA sequence of a relatively large DNA molecule is established 
via shotgun cloning of randomly generated fragments (Sanger e.¿ a¿., 1980 ; 
Messing &i a£., 1981 ; Peeters e¿ aJ.., 1985a). In this case sequencing of both 
DNA strands requires the presence in the DNA-library of clones containing 
overlapping fragments whose orientation is reversed. If this requirement is 
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Soll ΒωιΜΙ 
lacZ «indili Piti K-mcll Ucil £coRI 
5 ' -AAACAGCTATGACCATGATTACGCCAAGCTTGCCTGCAGGTCGACGGATCCCC0«;AAnCACTGGCCGTCGTTTrACAA-3 ' I-strand ( IKe-9 packaged ) 
3 ' -C7rGACCGGCAGCAAAATG-5 * 
reverse/(+)-primer master/(-)-prinier 
5'-AACAGCTATGACCAT-3' 
S'-TTTGTCGATACTGGTACTAArGCGGTTCGAACCGACGTCCAGCTGCCTAGGGGCCCTTAAGTGACCGGCAGCAAAATGTr-S' F-strand (IR1 packaged) 
Figure Д. Nucleotide sequence of the beginning of the lacZ gene present in 
plasmid pKUN9 showing the multiple cloning sites and the position of the 
sequencing primers. 
not met, the fragment of interest must be recovered from the particular 
recombinant plasmid and recloned in the opposite orientation. Alternatively 
the nucleotide sequence can be established υ-La sequence analysis using double-
stranded DNA, either directly or after exonuclease III treatment (Wallace et 
al., 1981 ; Guo & Hu, 1982). It is obvious that either method requires the 
isolation and purification of intracellular plasmid DNA, a process which is 
rather time-consuming, particularly when a large number of clones is involved. 
Moreover the results of sequence analysis using double-stranded DNA are not 
routinely as good as those using a single-stranded DNA template (Deimnger, 
1983). The cloning/sequencing vector, pKUN9, described in this paper, 
overcomes these problems. 
Despite the introduction of the fl and IKe sequences in pUC9, with the 
exception of the Acci site, all cloning sites present in the lacZ DNA are 
unique. 
Plasmid pKUN9 not only combines all unique properties of the single-
stranded phage vectors and the pUC-plasmids, but, moreover, it extends their 
use by making it possible to obtain either DNA strand of one recombinant 
plasmid separately in a single-stranded form. Undoubtedly, this property will 
appeal especially to those investigators who intend to make use of shotgun 
cloning for the establishment of the sequence of a relatively large DNA 
molecule. Since, by using pKUN9, twice the amount of sequence information can 
be obtained from one single clone, the time needed for the collection of the 
desired sequence can be considerably reduced. Alternatively, by cloning 
relatively small fragments, the nucleotide sequence of both strands can be 
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esLablished simultaneously. This is especially usefull when ambiguities are 
encountered in the sequence analysis of one strand. 
In conclusion, pKUN9 is a usefull vector for cloning and DNA sequencing 
(Sanger eí a¿., 1980) as well as for site directed mutagenesis (Zoller & 
Smith, 1982), Sl-mapping, mRNA cloning (Heidecker & Messing, 1983), expression 
of cloned DNA (Slocombe ei αι., 1982) and for use as a single-stranded 
hybridization probe (Hu & Messing, 1982). 
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Chapter VII 
Expression of Genes VII and IX of the Filamentous 
Bacteriophage IKe is translationally coupled 

VII 
ABSTRACT 
To study the regulation of expression of genes V, VII and IX of 
bacteriophage IKe, amber mutations have been constructed in each of these 
genes with the aid of oligonucleotide-directed -¿л υ-ίί/ιο mutagenesis. By using 
these mutants in genetic complementation tests it could be demonstrated that 
the expression of genes VII and IX is translationally coupled. The results 
suggest that a secondary RNA structure plays an important role in the 
translationally coupled expression of genes VII and IX. In contrast to the 
expression of genes VII and IX of the distantly related bacteriophage Ff (M13, 
fd and fl), in IKe the expression of these genes is independent of the 
expression of gene V. 
Our complementation studies further demonstrate that recombinant plasmids 
carrying a cloned copy of gene V of Ff are able to rescue a lethal mutation in 
gene V of IKe. This indicates that the single-stranded DNA binding proteins of 
IKe and Ff are interchangeable. In a similar way, evidence is provided that 
the gene IX proteins of IKe and Ff are not interchangeable. Because of the 
coupled expression of genes VII and IX in both IKe and Ff, it could not be 
established whether their gene VII proteins are interchangeable. 
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INTRODUCTION 
Previously, we have shown that the N-specific filamentous bacteriophage 
IKe and the F-specific filamentous bacteriophage Ff (M13, fd and fl) are 
distantly related and that their genetic organization is almost identical. 
Both phages contain ten more or less homologous genes the order of which is 
identical (Beck et al., 1978 ; Van Wezenbeek et al., 1980 ; Beck & Zink, 1981 
; Hill & Petersen, 1982 ; Peeters et aJ., 1985; Chapter T U ) . The observation 
that the polypeptides encoded by these genes are synthesized in the infected 
cells m highly different amounts, suggests that the expression of the 
filamentous phage genome is coordinately regulated. 
Transcription studies have demonstrated that during the life cycle of 
these phages the DNA region encompassing genes II through VIII is expressed 
according to a cascade-like transcription mechanism (Konings & Schoenmakers, 
1978). According to this mechanism, RNA synthesis is initiated at a number of 
different promoter sites but is terminated at a unique /гЛо-independent 
transcription termination signal located immediately after gene Vili (ligure 
1). This leads to a gradient in transcriptional activity, resulting in the 
maximum expression of those genes whose products, -i.e. the single-stranded DNA 
binding protein encoded by gene V and the major coat protein encoded by gene 
VITI, during the infection cycle are most abundantly needed. 
Between genes V and VIII, two small genes, -i.e. genes VII and IX, are 
located which code for minor capsid proteins of the virion (Lin et al., 1980 ; 
Simons et al., 1981). Although, in the infected cell, these genes are 
transcribed very frequently, their polypeptide products are made in only very 
small amounts, indicating that their synthesis is translationally regulated. 
Genetic complementation studies have demonstrated that genes V, VII and 
IX of Ff form an operon. Translation of gene IX is dependent on the expression 
of genes V and VII whereas translation of gene VII is dependent on the 
expression of gene V (Lyons & Zinder, 197Д ; Simons et al., 1982). It is not 
clear, however, which mechanisms are responsible for the differential 
expression of the genes of this operon. Both translational reinitiation events 
as well as RNA secondary structures have been suggested to play a role in this 
process (Simons, 1982 ; Smits, 1982). 
Although phage IKe and Ff have diverged to a considerable extent, their 
genetic organization is almost identical (Peeters et al., 1985). As this is 
particularly evident for the Ff and IKe gene cluster V, VII and IX, it is 
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Figure 1. Circular genetic map of the bacteriophage IKe genome. The direction 
of transcription is indicated. Τ designates the /ζΛο-independent transcription 
termination signal located between genes VIII and III. The unique £coRI site 
is indicated. IR: intergenic region. 
tempting to speculate that also the regulatory mechanisms involved in the 
differential expression of this gene cluster have been conserved. If this is 
the case, a comparative study of their expression should allow the 
identification of those nucleotide sequences that play an important role in 
the expression of these genes. 
Because conditionally lethal mutants are an essential tool in the study 
of the regulation of gene expression, amber mutations in genes V, VII and IX 
of IKe were constructed with the aid of oligonucleotide directed In и-ііло 
mutagenesis. Subsequently these mutants were used to study the expression of 
these genes and to establish whether the products of genes V, VII and IX of 
IKe and Ff can be interchanged. 
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MATERIALS AND METHODS 
(a) Bacteria and phages 
In this study the following Ccol-i strains were used: JM83 (Φ80 lacZ 
ΔΜ15, ала, Ыасряо, ¿Ык, ün.) (Messing, 1979), KA805 and KA807, these are 
strain XA101 (äiacpio, ала, thí, πιεΙΆ, auqï. amíe.i, naÄk, /u.^.t лир і) and the 
isogenic strain XA103 (¿U/JF), respectively, described by Miller ei. al, (1977) 
in which the F'piolac plasmid was introduced (Simons, 1982). JE76 and JE78 
were constructed by introduction of the N3 plasmid of strain JE2571/N3 
(££.u,thA, obi, £la, pj.i; [N3 bit, оіллр, шЦ\) (Bradley, 1974) into strains 
XA101 and XA103, respectively. 
To permit infection by IKe and Ff, the N3 and F plasmids were introduced 
¿ліа conjugation into JM83 using as donor strains JE2571/N3 (Bradley, 1974) 
and PP1191 {.th.±, hlacpio, Ьір::{ти.Ъ), ліл, ύαρΕ; [F* ¿¿lac: :7nb\ ) (a gift of 
dr. P. van de Putte, Leiden), respectively. 
Bacteriophage IKe has been described (Kathoon e.t al., 1972 ; Peeters &i 
al.., 1985; Chapter III). The M13 gene V and gene VII amber mutants олгЗНЗ and 
атТЮ. have been described (Pratt e± ai, 1966 ; Hulsebos & Schoenmakers, 1978). 
The M13 gene IX amber mutant COT9N113 was constructed by Simons ei. al (1982). 
The IKe gene III amber mutant атЖЬ was isolated after conventional 
hydroxylamine induced mutagenesis (unpublished results). 
Cb,) Enzymes end biochemicals 
Restriction enzymes were obtained from Bethesda Research Laboratories, 
New England Biolabs or Boehrmger, Mannheim, and used with the three-buffer 
system described by Maniatis est ol, (1982), or with the buffer recommended by 
the supplier. DNA polymerase I (Klenow fragment) and phage ТД DNA ligase were 
obtained from Boehringer, Mannheim. 
The radiolabeled nucleotides γ-32Ρ-ΑΤΡ (3000 Ci/mmol) and a-32P-dATP (410 
Ci/mmol) were purchased from Amersham, Ltd. 
The mutagenic oligonucleotide primers 5' dC-G-C-A-G-G-C-T-A-A-A-C-G 3', 
5' dT-A-C-A-A-C-C-T-A-A-A-T-T-A 3' and 5' dC-A-A-G-A-A-C-T-A-T-G-C-A 3* were 
constructed by Dr J. van Boom and coworkers. Department of Organic Chemistry, 
State University of Leiden. 
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All (bio)chemicals used were of analytical grade and purchased from 
sources given previously (Konings, 1980 ; Peeters e¿ at.., 1983,1985; Chapters 
II and III). 
(c) Construction of recombinant plasmids 
Plasmids pGS551 and pGS512 (Simons, 1982) were constructed by cloning the 
M13 fragments comprising the nucleotide sequence from position 724 to 1397 and 
337 to 1129, respectively, into the unique £coRI site of plasmid pBRH2. The 
latter plasmid, which is derived from plasmid pBR322, lacks the promoter for 
the gone specifying tetracycline resistance (Tet gene) and contains a unique 
£coRI site directly in front of the Tet gene (Rodriquez &i al., 1979 ; Bolivar 
eÀ. al., 1977). As a consequence, expression of the cloned M13 genes is 
entirely dependent on their own promoter(s). Plasmid pGS551 contains the gene 
V and gene VIII promoters and the coding information for the M13 genes V, VII 
and IX whereas plasmid pGS512 contains the promoter and the coding 
information for gene V. 
Plasmid pIK900 was constructed by cloning the IKe restriction fragment 
/VCIÄIII-H (position 1606-1939) which contains the coding information for gene 
IX, but which lacks an IKe promoter, into the Anal site of plasmid pUC9 
(Vieira & Messing, 1982). All recombinant plasmids examined contained the IKe 
insert in the orientation opposite to the lacZ gene. For reasons unknown, 
attempts to clone gene IX of IKe in an orientation similar to that of the lacZ 
gene failed. 
(d) In vitro site directed mutagenesis 
The procedure used for the site directed mutagenesis -in υ-ііло of IKe DNA 
was essentially as described by Zoller & Smith (1982, 1983). Enrichment for 
covalently closed circular DNA molecules was accomplished by centrifugation of 
the samples in an alkaline sucrose gradient (5-20% sucrose in 1 M NaCl, 3 mM 
EDTA, 0.4% NaOH pH 12.4) for 3 hours at 40,000 rpm and 40C in an IEC SB60 
rotor. Fractions containing covalently closed circular DNA were pooled, 
precipitated with ethanol, washed once with 70% ethanol and finally dissolved 
in 100 ul of TE (10 mM Tris-HCl pH 7.6 , 1 mM EDTA). Aliquots of 10 ul were 
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used for transformation of competent JE78 cells which were subsequently plated 
for infective centers using the same strain as indicator. Of the resulting 
plaques approximately 250 were transferred with sterile needles to a freshly 
prepared 2YT agar plate (Miller, 1972) containing a topagar layer (3 ml) that 
contained 250 μΐ of a fresh overnight culture of JE78, and incubated overnight 
at 37 C. After incubation at 40C for 1 hour to harden the topagar, the plaques 
were transferred in duplicate to nitrocellulose by placing a precut filter on 
the topagar followed by incubation for 15 minutes at 4 0C. For practical 
purposes, in the case of the mutagenesis of gene V, plaques were transferred 
from the original plate to the wells of microtiter plates that contained 100 
μΐ of 2YT inoculated with JE78. The plates were incubated at 370C overnight 
and subsequently the infected cultures were transferred to nitrocellulose 
filters by overlaying the plates with a precut filter and 6 layers of Whatmann 
3MM paper followed by incubation in an inverted position for 30 minutes at 
room temperature. The filters were processed and screened for the presence of 
mutant phages by means of hybridization as described by Zoller & Smith (1982, 
1983) using the 32P-labelled oligonucleotide primer as probe. Plaques giving a 
persistent strong signal after several washings at increasing temperatures (up 
till 370C) were cut from the master plate, suspended in TE and tested for the 
presence of phages that contained an amber mutation by plating serial 
dilutions on JM83/N3 (non suppressor) and JE78 (-ÓU/?F). Subsequently 
amber mutants were plaque-purified by rescreening of individual plaques. 
To verify that the mutation was introduced at the proper position, the 
nucleotide sequence of the region of interest was established by the dideoxy 
method described by Sanger eJi ai. (1977) using the mutagenic oligonucleotides 
as sequencing primers. 
Ce) Genetic complementation 
Genetic complementation tests were carried out as described by Pratt et 
α£. (1966). Non-permissive ¿.co£¿ cells (JM83/N3) were grown in 2YT medium at 
370C to a density of approximately 2x10e cells/ml. To determine the number of 
cells at the time of infection, serial dilutions were spread on 2YT agar 
plates and incubated overnight. 
Aliquots of 0.5 ml were transferred to sterile tubes that contained the 
appropriate pair of amber mutants or the individual ambermutants, 
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respectively, (at a multiplicity of infection of 50) and after an absorption 
period of 10 minutes, the infected cultures were diluted and plated for 
infective centers using JM83/N3 as indicator bacteria. The plates were 
incubated overnight at 37 C. Complementation values were calculated as the 
number of infective centers from the double infection corrected for wildtype 
revertants, divided by the total number of cells used. According to the 
criteria defined by Pratt e.t al (1966), values greater than 0.15 indicate 
strong complementation, values between 0.01 and 0.15 indicate weak 
complementation and values below 0.01 indicate no complementation. 
ГАТТАТСТ 
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Figure 2. Nucleotide sequence of the IKe genome comprising genes V, VII and IX 
(Peeters e.t ai., 1985; Chapter III). The amino acid sequence of the gene 
products is shown above. The nucleotide sequence of the mutagenic 
oligonucleotide primers used for the introduction of an amber mutation in 
these genes is shown below the sequence. The position of the mismatch is 
indicated. 
RESULTS 
(a) Construction of IKe amber mutants 
The mutagenic oligonucleotides used were designed after a computer scan 
of the entire IKe DNA sequence in order to minimize complementarity to 
secondary sites in the genome. We chose to alter an existing tyrosine codon 
(TAT) into an amber codon (TAG) because this requires the substitution of only 
one nucleotide. In addition the availability of a tyrosine-inserting 
suppressor strain (¿u/?F) should allow the rescue of the mutants because 
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suppression of the amber mutations by this strain results in the synthesis of 
the wild type proteins. The nucleotide sequence of the mutagenic 
oligonucleotide primers used in this study is shown in Figure 2; the position 
of the mismatch is indicated. 
After oligonucleotide directed mutagenesis the resulting plaques were 
transferred to nitrocellulose filters and screened using the labelled primer 
as probe (Materials and Methods). Figure 3 shows the autoradiograms obtained 
after washing the filters at 300C. As can be seen, all three mutagenesis 
experiments resulted in the generation of plaques that gave a strong signal in 
the hybridization screening. These plaques were tested for the amber 
phenotype by plating serial dilutions on the non-permissive strain JM83/N3 and 
the suppressor strain JE78. The results indicated that, as expected, the 
plaques consisted of a mixture of amber mutant phages and wild type phages 
(data not shown). Amber mutants were plaque purified after rescreening of 
individual plaques on the suppressor and non-suppressor strains. 
gene IX gene VII 
gene V 
Figure 3. Autoradiograms obtained after screening nitrocellulose filters 
containing transferred phage plaques (A and B) or phage cultures grown in the 
wells of a microtiter plate (C), after in Лло oligonucleotide directed 
mutagenesis (Materials and Methods). The filters were screened using the 
labeled mutagenic primers as probe. The filters were washed at 30 Ο0 and 
exposure was for 16 h at room pemperature. The autoradiograms shown were 
obtained after mutagenesis of gene IX (A), VII (В) and V (С), respectively. 
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Nucleotide sequence analysis showed that the mutations were introduced 
at the expected positions (Figure 4). In each case a TAT (tyrosine) codon is 
changed into a TAG (amber) codon. The mutants were designated £Biz5SM42 (gene V 
amber mutant), aw7SM10 (gene VII amber mutant) and ат95Ш2 (gene IX mutant), 
respectively. 
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Figure 4« Nucleotide sequences showing the amber codon (TAG) obtained after in 
u-LUto oligonucleotide directed mutagenesis of IKe genes IX (A), VII (В) and V 
(G), am: amber mutant; wt: wildtype. 
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Titration of the phage stocks using the senne-inserting suppressor 
strain JE76 (óupb) as indicator indicated that the amber mutants am5SM2 and 
¿wz9SM12 plated very poorly on this strain (data not shown). These results 
confirm the assumption that the tyrosine residue at position A2 in the single-
stranded DNA binding protein of IKe is, among others, essential for its 
function (Peeters eJ, al., 1983; Chapter II). Similarly, the tyrosine residue 
at position 12 of IKe gene IX protein appears to be essential for the function 
of this protein. This amino acid residue is, however, not conserved in gene IX 
protein of Ff. 
(Ъ) Genetic complemenLalion 
To establish whether, similar to Ff, genes V, VII and IX of IKe form an 
Operon, we perfomed genetic complementation tests (Materials and Methods). The 
IKe gene III amber mutant йлгЗНЗ was thereby used as a control. The results 
presented in Table 1 demonstrate that ал?53МД2 complements the genetic defect 
Table 1. 
Genetic complementation between IKe amber mutants 
атЗН5 <т58Ш2 cmTSMlO шя93М12 
шпЗЕ5 — 0.30 0.36 0.29 
um5S№2 0.30 — 0.29 0.25 
amISmO 0.36 0.29 — 0.007 
cra9SM12 0.29 0.25 0.007 
Complementation values resulting from genetic complementation tests (Materials 
and Methods), using the IKe amber mutants constructed by oligonucleotide 
directed -иг υ-υϋιο mutagenesis. The conventional hydroxylamine induced IKe 
gene III amber mutant алЗН5 (unpublished results) was used as a control. 
Complementation values were calculated as the number of infective centers from 
the double infection, corrected for wildtype revertants, divided by the total 
number of cells used. 
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of both IKe amISHIO as well as of IKe aw9SM12. This indicates that expression 
of genes VII and IX of TKe is independent of the expression of gene V. The 
data further demonstrate that complementation between oraTSMlO and ал9ЬМ12 is 
extremely weak, indicating that the expression of gene IX is dependent on gene 
VII expression. Although, according to the criteria of Pratt e¿ al (1966) a 
complementation value below 0,01 is classified as no complementation, we find 
that the value obtained with ат75Ш0 and aw9SM12 is reproducably higher than 
the value obtained using two different amber mutants in the same gene (which 
is 0,001 or less). We therefore suggest that the complementation of am7SM10 
and аи93М12 is classified as very weak. 
Apparently the situation in IKe differs from that in Ff (Lyons & Zinder, 
1972 ; Simons ci αι., 1982). In the latter case an amber mutation in gene V is 
polar on the expression of the distal genes VII and IX, whereas an amber 
mutation in gene V of IKe is not. However, both m IKe as well as in if, the 
expression of gene VII and IX is coupled. 
If translational reinitiation is the mechanism that is responsible for 
the coupled expression of genes VII and IX, then independent expression of 
gene IX should not be possible in case gene VII is not translated. To test 
this, we cloned an IKe restriction fragment containing only the intact gene IX 
coding sequence in a plasmid replicón (Materials and Methods). The resulting 
plasmid, pIK900, was subsequently used to establish whether non-suppressor 
cells harboring this plasmids were able to rescue the IKe gene IX mutant 
ÍM9SM12. The results presented in Table 2 show that the amber mutation is 
fully complemented by thus plasmid, indicating that gene TX protein is 
efficiently expressed by the recombinant plasmid. Inspection of the nucleotide 
sequence of this plasmid showed that translation termination codons are 
present in all three reading frames well before the start codon of gene IX 
whereas no startcodon is present after the last termination codon m the gene 
VII reading frame (not shown). This demonstrates that gene IX can be 
expressed independent of the translation of the preceding nucleotide 
sequences, indicating that the coupled expression of genes VII and IX in the 
phage genome is not the result of translation reinitiation. It should be 
mentioned here that the orientation of gene IX of IKe in pIK900 is opposite to 
the direction of transcription of the lacZ gene. Attempts to obtain 
recombinant plasmids in which gene IX was present in the same orientation, 
thereby placing it under the control of the lacZ promoter, failed. It is 
possible that recombinant plasmids of this type have a deleterious effect on 
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the host cell as a result of overproduction of gene IX protein. 
Table 2. 
Plating efficiencies of IKe am9SM12 
JM83/N3 JE78(^/?F) JM83/N3 + pIK900 
IKe ÛM9SM12 7.0 χ IO7 5.2 χ IO 1 2 0.8 χ IO 1 2 
Plating efficiencies, defined as the number of plaque forming units per ml, of 
the IKe amber mutant ω7ζ93Μ12 using a non-suppress or strain (JM83/N3), a 
tyrosine suppressor strain (JE78) and a non-suppressor strain harboring 
Plasmid pIK900 (Materials and Methods). 
(c) The gene V proteins of IKe and Ff are interchangeable 
Simons (1982) has described the cloning of several genes of Ff in the 
unique (£coRI site of plasmid pBRH2. Expression of genes cloned in the £coRI 
site of this plasmid, is entirely dependent on their own promoter(s) 
(Rodriquez e.i a£., 1979). One of the recombinant plasmids -i.e.. pGS551 contains 
the gene V-VII-IX cluster. This plasmid was used to establish whether the 
cloned genes are able to complement amber mutations in genes V, VII and IX of 
the phages IKe and Ff. Table 3 shows the data obtained after plating amber 
phage stocks on strain JM83 harboring plasmid pGS551. The results demonstrate 
that all Ff amber mutants are complemented by the plasmid whereas of the IKe 
amber mutants only am5SM42 is complemented. This indicates that the single-
stranded DNA binding proteins of IKe and Ff are exchangeable despite the fact 
that these proteins are only 4A% homologous. This is not totally unexpected, 
however, since we have previously shown that the binding characteristics of 
the gene V proteins of IKe and Ff closely resemble each other (Peeters e¿ al., 
1983). It should be kept in mind, however, that besides its function in the 
switch of double-stranded DNA replication to single-stranded DNA synthesis, 
gene V protein of Ff also fulfils a modulating role in the expression of genes 
II and X (Model e¿ al., 1982 ; Yen & Webster, 1982). In addition, packaging of 
the single-stranded phage DNA at the cell membrane involves the exchange of 
gene V protein with the major and minor capsid proteins, a process that is 
probably dependent on phage encoded functions. In this respect it is worth 
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Tabie 3. 
Plating efficiencies of IKe and Ff amber mutants 
su- su+ su- + pGS551 
M13 ат5Ю 
M13 ат7П2 
M13 cm9N113 
IKe am5SM2 
IKe ara7SM10 
IKe а/л95М12 
2.7 χ 10е 
3.0 χ IO5 
3.3 χ IO7 
1.8 χ IO10 
5.5 χ IO9 
7.2 χ IO7 
7.2 χ IO 1 1 
7.0 χ IO 1 1 
9.1 χ IO 1 1 
2.1 χ IO 1 3 
5.9 χ IO 1 3 
5.2 χ IO 1 2 
1.0 χ IO1 
1.2 χ IO1 
2.9 χ IO1 
0.6 χ IO1 
4.1 χ IO9 
5.9 χ IO7 
Table 3· Plating efficiencies of M13 and IKe amber mutants on a non-suppressor 
strain (su-), suppressor strain (su+) and a non-suppressor strain harboring 
plasmid pGS551· The latter plasmid, the construction of which is described in 
Materials and Methods, contains the gene V-VII-IX operon of bacteriophage M13· 
Plating efficiencies are expressed as plaque forming units per ml (pfu/ml). 
mentioning that the IKe gene V amber mutant could also be rescued by plasmid 
pGS512 (data not shown). The latter plasmids contains genes X and V of Ff but 
lacks genes VII and IX (Simons, 1982). These results suggest that there is no 
specific interaction between gene V protein and these minor coat proteins. 
The fact that the IKe gene IX amber mutant is not rescued by pGS551 
indicates that the gene IX proteins of IKe and Ff are not exchangeable. 
Because of the polar effect of the gene VII amber mutation on the expression 
of gene IX both m IKe as well as in Ff it is not clear whether the gene VII 
proteins are exchangeable. 
DISCUSSION 
Our genetic complementation tests demonstrate that, in IKe, an amber 
mutation in gene V does not exert a polar effect on the expression of the 
distal genes VII and IX. Expression of gene IX is, however, dependent on the 
faithful expression of gene VII (Table 1). Thus, in IKe genes VII and IX form 
an operon whereas in Ff genes V, VIT and IX form an operon. The fact that 
genes VII and IX are located in the frequently transcribed region between 
genes V and VIII indicates that the relatively low level of expression of 
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genes VII and IX compared to that of genes V and VIII is the result of 
translational control mechanisms. Inspection of the nucleotide sequence of 
genes V, VII and IX of IKe (Figure 2) shows that the termination and 
initiation codons of these genes overlap in the sequence A-T-G-A. Because gene 
VII is expressed independent of the proximal gene V, this overlap ре.я ле. is 
not sufficient for the observed coupled translation of genes VII and IX. 
Gene overlaps have been shown to be present in the tryptophan operon 
between several genes of which the products are needed in equimolar amounts. 
Expression of these genes is translationally coupled; the mechanism of this 
coupled expression has, however, not yet been unambiguously established. Both 
translation reinitiation and the presence of RNA secondary structures that 
mask the nbosome binding site of the di stal gene have been suggested to play 
a role (Oppenheim & Yanofsky, 1980 ; Das & Yanofsky, 1984 ; Aksoy et al., 
1984). It has been shown that the gene VII and gene IX proteins of Ff and IKe 
are present in the mature phage particle in equimolar amounts (Lin e.t at., 
1982 ; Simons et oí., 1982 ; Peeters B.P.H, unpublished resultb). Whether 
these proteins are also synthesized in equal molar amounts in the infected 
cell has, however, not yet been established. 
The fact that plasmid pIK900 directs the synthesis of gene IX protein of 
IKe without translation of the proximal region (Table 2) demonstrates that its 
expression is not dependent on translation reinitiation. This indicates that 
other mechanisms are responsible for its coupled expression in the wildtype 
situation. 
At the border of genes VII and IX of IKe a nucleotide sequence is 
present which has the potential to form a stable stem-loop structure (AG -9.7 
Kcal/mol) (see Figure 5). Because it is located directly in front of the 
nbosome binding site of gene IX, it is conceivable that the presence of this 
structure prevents translation of gene IX. Translation of gene IX can only 
take place if this structure is disrupted by nbosomes that translate gene 
VII, thus making the expression of gene IX dependent on translation of gene 
VII. 
Support for the involvement of the secondary RNA structure comes from the 
observed independent expression of gene TX by plasmid pIK900. The IKe insert 
of this plasmid starts at the RaelW site at position 1604 which is located in 
the stem of the hairpin structure (Figure 5). Because this structure cannot be 
formed in pIK900, the nbosome binding site of gene IX is now accessable for 
nbosomes, leading to the independent expression of gene IX. 
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1550 ' 1 1580 1650 — 1 ' 
Gene V Gene VII Gene IX 
Figure 5. Nucleotide sequence and presumed secondary structure of the RMA 
region encompassing IKe gene VII and its flanking genes V and IX. The position 
of the amber termination codon present in IKe CUH7SM10 is indicated. Asterisks 
above the sequence denote nucleotides which are homologous to the consensus 
sequence of L.COIJ. ribosorae binding sites (Shine δ Dalgarno, 197Д). The 
position of the promoter of the 10S RNA is underlined and the position of the 
Hae.111 site used in the construction of plasmid pIK900 (see text) is 
indicated. The calculated Gibb's free energy of the structure amounts -9.7 
Kcal/mol. 
Another indication for the involvement of the secondary RNA structure 
comes from our transcription studies .¿/ι U-LVO . The smallest and also the most 
abundant IKe RNA species encoded by the DNA region encompassing genes II 
through VIII, is an RNA of approximately 465 nucleotides (10S RNA). The 
synthesis of this RNA species is initiated at the promoter at position 1581 
(Figure 5) and terminated at the /гЛо-independent transcription termination 
signal located behind gene VITI (Peeters at. at., 1985; Chapter III). Although 
this RNA species contains the entire coding information for the synthesis of 
gene IX and VIII protein, the relative amounts of these proteins in the 
infected cell suggests that only gene VIII protein is synthesized by this RNA. 
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This assumption is supported by our finding that -ui V-LÍJIO translation of this 
IOS RNA yields large amounts of gene VIII protein whereas no synthesis of gene 
IX protein could be detected (unpublished results). To our opinion this is not 
due to the presence of a weak ribosome binding site in front of gene IX, in 
fact this sequence shows a relatively high level of homology to the consensus 
sequence of {L.coL·. ribosome binding sites (Shine & Dalgarno, 1974; Figure 4, 
also see Table 3 in Chapter ITI). To our opinion, expression of gene IX is 
prevented by the formation of the same secondary structure at the 5' end of 
the IOS RNA as the one present in longer RNA species (Figure 5). This 
secondary structure may therefore regulate the expression of gene IX by 
preventing its expression on both the IOS RNA as well as on larger RNA 
species. Gene IX is only expressed when ribosomes translating gene VII disrupt 
this structure. 
Ribosomes translating gene VII of the IKe amber mutant am7SM10 terminate 
translation at codon 10. This codon is located relatively close to the 
proposed secondary RNA structure in gene VII (Figure 5). The fact that 
complementation between am7SM10 and UWZ9SM12 is very weak (Table 1) and taking 
into account the finding of Kang & Cantor that the stalled ribosome covers at 
most 10 nucleotides on the 3' side of the Α-site, suggests that translation 
termination at codon 10 in gene VII does not lead to the complete disruption 
of the secondary RNA structure. Our finding that complementation between 
am7SM10 and аи95М12 is very weak but not zero (Table 1), indicates that there 
may be some influence on the stability of the RNA structure, assuming that 
this structure is not "leaky" in the wildtype situation. 
If expression of gene IX is coupled to expression of gene VII then the 
presence of only very small amounts of their gene products in the infected 
cell is determined by the rate of expression of gene VII. We wish to propose 
two mechanisms that might regulate the expression of gene VII. First, the weak 
ribosome binding site (Figure 5) of gene VII of IKe probably results in 
infrequent initiation of translation of this gene. Secondly, the frequent 
expression of the proximal gene V (which overlaps gene VII) may prevent 
ribosomes from binding to the ribosome binding site of gene VII. Das & 
Yanofsky (1984) have shown that overlapping translation of the tsipk cistron by 
ribosomes translating the altered ілр cistron results in a two times lower 
level of tripk expression. Because gene V of IKe is translated very frequently, 
the factor by which gene V translation influences gene VII expression is 
probably even higher. 
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SUMMARY 
Bacteriophage IKe is a member of the filamentous single-stranded DNA 
phages. These phages are unique among prokaryotic viruses because of their 
unusual life-cycle. Following infection, filamentous phages neither kill nor 
lyse their host but instead a delicate balance between virus replication and 
host-cell metabolism is established. Morphogenesis of progeny virions takes 
place at the host cell membrane concomittant with extrusion of the newly 
formed virus particles into the surrounding medium. A short survey of our 
present knowledge of the biology of the filamentous phages is given in Chapter 
I of this thesis. 
Most filamentous phages infect their host cell by adsorption to specific 
cell-appendages (pili) which are encoded by conjugative plasmids carried by 
the host. Although there exist a large number of filamentous phages which are 
specific for pili encoded by plasmids of a variety of incompatibility groups 
(see Table 1 of the Introduction), until recently, the only filamentous phages 
which have been studied in great detail are those specific for pili encoded by 
the classical sex-factor F. The nucleotide sequence of three of these F-
specific filamentous phages (Ff) has been determined and their sequences 
proved to be almost identical. 
To gain a better understanding of the biology of the filamentous phages 
and in particular of the evolutionary relationship between Ff and other 
members of the filamentous phage group, we have made a detailed study of 
bacteriophage IKe. This phage specifically infects enteric bacteria that 
harbor plasmids of the N-incompatibility group. 
As a first step towards the elucidation of the genetic organization of 
bacteriophage IKe, we isolated a phage encoded DNA binding protein (DBF). In 
addition we have established the nucleotide sequence of the gene encoding this 
protein. Characterization of the properties of the DBF (Chapter IT) indicated 
that it binds specifically and cooperatively to single-stranded and not to 
double-stranded DNA and that each protein monomer binds approximately four 
bases of the DNA. These binding properties closely resemble those of the 
single-stranded DNA binding protein (gene V protein, GVP) encoded by Ff. 
Comparison of the amino acid sequences of IKe DBF and GVP shows that 39 out of 
88 amino acid residues have an identical position in both proteins. This not 
only provided a first indication for a distant evolutionary relationship 
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between IKe and the F-specific phages, it also allowed the assignment of an 
important function in the DNA binding process to several conserved amino acid 
residues in both proteins. The fact that we have been able to demonstrate that 
the biological functions of IKe DBF and GVP are exchangeable (Chapter VII) 
indicates that these conserved amino acid residues indeed perform an essential 
function in the DNA binding process. 
In Chapter III, the nucleotide sequence and genetic organization of the 
bacteriophage IKe genome is presented. The sequence was established mainly by 
the dideoxy method after shotgun cloning of the IKe genome in the single-
stranded phage vector M13mp8. The IKe sequence comprises 6883 nucleotides 
which is 476 (475) nucleotides larger than the nucleotide sequence of Ff. 
Comparison of the IKe sequence with that of Ff indicates that both phages are 
distantly related, their mutual homology at the nucleotide sequence level 
being approximately 55%. Despite the fact that this percentage is relatively 
low, the genetic organization of IKe and Ff is almost identical. Both phages 
contain the same set of homologous genes present in the same order on the 
genetic map. The extent of nucleotide sequence homology of the genes of IKe 
and Ff differs significantly from one gene to another. Generally, genes whose 
products constitute capsid proteins (genes III, VI, VII, VIII and IX) are less 
homologous than genes whose products are involved in DNA replication (genes II 
and V and possibly also gene X) and phage morphogenesis (genes I and IV). 
Comparison of the amino acid sequences of the gene III proteins of IKe 
and Ff indicates that during the evolution of these phages large nucleotide 
sequence rearrangements in these genes have taken place. Since gene III 
protein is responsible for the host-specificity of the phages, it is 
conceivable that these rearrangements have led to the generation of phages 
with different host specificities. 
Comparison of the amino acid sequence of the mature major capsid protein 
of IKe, as determined by protein sequence analysis, with the amino acid 
sequence as predicted from the nucleotide sequence of its gene (gene VIII) 
indicates that, similar to Ff, this protein is synthesized via a precursor 
protein containing a signal peptide which is 29 amino acid residues long (23 
in Ff GVIIIP). The data furthermore indicate that also gene III protein of IKe 
is synthesized via a precursor protein containing a signal peptide which is 
probably 19 amino acid residues long (18 in Ff GIIIP). 
Apart from the homology between the structural genes, significant 
nucleotide sequence homology is present between several regulatory elements of 
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IKe and Ff. One of these is the лЛо-independent transcription termination 
signal located immediately distal to gene VIII. Similarly, the nucleotide 
sequence of several structural elements which are located in the large 
intergenic region (IR) between genes IV and II and which are known to be 
involved in the replication of Ff were found to be highly conserved. The 
observation that the DNA sequences of the complementary strand replication 
origin ((-)-origin) and the gene II protein cleavage site (viral strand 
replication origin or (+)-origin) are almost identical in both phages, 
suggests that the replication processes of IKe and Ff are very similar if not 
identical. Several discrepancies, however, have also been noted. With respect 
to Ff, in the IR of IKe three "extra" DNA sequences, each approximately 80 
nucleotides long, are present which have no homologous counterpart in Ff. 
Moreover, a DNA region of Ff termed "domain B" (also called replication 
enhancer) which is located distal to the viral strand replication origin and 
which has an important function in the initiation of viral strand replication, 
does not have a homologous counterpart in IKe. Both the presence of striking 
similarities as well as significant differences between the IR's of IKe and 
Ff, has prompted us to study the replication of IKe and Ff in more detail. 
In Chapter IV the construction of various recombinant plasmids containing 
different parts of the IR of IKe is described. Using these plasmids we have 
been able to demonstrate that the viral strand replication origin of IKe is at 
most 89 nucleotides long and that for the replication of IKe no sequence with 
a function analogous to the replication enhancer of Ff is required. In 
addition, complementation studies carried out with plasmids containing the 
intact gene II of IKe or Ff and gene II ambermutants of both phages 
unequivocally showed that despite the close homology between the nucleotide 
sequences of the (+)-origins and the relatively high level of homology between 
their gene II proteins, the biological functions of these proteins of IKe and 
Ff are not exchangeable. 
Although the gene II proteins of IKe and Ff do not complement each other, 
the (+)-origin of IKe is not completely inert to the action of gene II protein 
of Ff. This conclusion follows from our observation that cloning of the (+)-
origin of IKe in the Ff derived phage vector M13mp8 only yields recombinant 
phages in which the orientations of the (+)-origins of IKe and M13mp8 are the 
opposite. We have studied this phenomenon in more detail by cloning the (+)-
origins of IKe and Ff on a plasmid replicón in such a way that both (+)-
origins are present in the same or in the opposite orientation. (Chapter V ) . 
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we demonstrate that after infection of cells harboring these plasmids with 
either IKe or Ff, initiation of viral strand replication only occurs at the 
(+)-origin which originates from the same phage as the gene II protein. 
Furthermore fusion of the (+)-origins of IKe and Ff occurs as a result of the 
action of gene II protein in case the orientation of the (+)-origins is the 
same. These results indicate that initiation but not termination of viral 
strand replication is a phage specific process. In case the orientation of 
the (+)-origins is opposite to one another, only one (+)-origin (the one 
originating from the same phage as the gene II protein) is used for 
replication. The other (+)-origin apparantly remains silent and does not 
interfere with the replication process. 
We have exploited these properties for the construction of a versatile 
cloning/sequencing vector (Chapter VI). This vector, pKUN9, contains in 
opposite orientations the (+)-origins and the contiguous morphogenetic signals 
of IKe and Ff. Plasmid pKUN9 permits the selective packaging of both of its 
DNA strands into, single-stranded DNA containing, phage-like particles. As a 
result of this selective packaging, both strands of a DNA fragment cloned in 
pKUN9 can be sequenced by the dideoxy method using commercially available 
sequencing primers. 
In phage Ff the expression of the contiguous genes V, VII and IX is 
strictly regulated, but up to now the mechanism by which this regulation is 
achieved in the infected cell, is still not completely understood. As the 
structure and organization of these genes in IKe strongly resembles that of Ff 
(c/. Chapter III), we have studied the expression of these genes of IKe in 
more detail in order to get a better understanding of the mechanism(s) 
involved. As IKe amber mutants in genes V, VII and IX were not available, we 
constructed various mutants by site-directed -m v-ciio mutagenesis. Using these 
mutants we demonstrate that in IKe, expression of gene IX is dependent on the 
expression of its proximal gene VII. However, expression of gene VII of IKe is 
independent of gene V expression. This finding deviates from the situation in 
Ff where expression of gene VII and IX is dependent on gene V expression. Our 
results make it very likely that in transcripts of this operon a secondary RNA 
structure is formed at the gene VII-IX junction which is responsible for the 
coupled expression of these genes. Gene IX is only expressed when ribosomes 
that translate the gene VII message disrupt the secondary RNA structure m 
front of gene IX thereby unmasking its nbosome binding site. The infrequent 
expression of gene VII (and consequently gene IX) is probably the result of 
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its very weak ribosome binding site. In addition the frequent expression of 
gene V which slightly overlaps gene VII may also reduce the binding frequency 
of ribosomes to the ribosome binding site of gene VII. 
161 

SAMENV AITINO 
Bacteriofaag IKe behoort tot de filamenteuze enkelstrengs DNA fagen. Deze 
fagen nemen een unieke positie in onder de bacLenele virussen vanwege hun 
ongebruikelijke levenscyclus. Nd infectie door filamenteuze fagen vindt geen 
doding van de gastheercel plaats doch er ontstaat een evenwicht tussen faag-
replicatie en gastheer metabolisme. Vorming van nieuwe faagdeeltjes vindt 
plaats aan heL membraan van de gastheercel. Tijdens dit proces worden ze door 
de membraan heen naar buiten getransporteerd waarbij de gastheercel niet 
lyseert. 
De meeste filamenteuze fagen kunnen hun gastheer infecteren dankzij de 
aanwezigheid van bepaalde cel aanhangsels (pili) die als receptor fungeren. 
Het bezit van pili wordt genetisch bepaald door de aanwezigheid van bepaalde 
overdraagbare plasmiden in do gastheercel. De specificiteit voor een bepaald 
type pili wordt gebruikt voor de onderverdeling van de filamenteuze fagen in 
verschillende groepen (zie tabel I in hoofdstuk I). 
Tot voor kort waren de F-pili specifieke filamenteuze fagen (Ff) de enige 
filamenteuze fagen die diepgaand bestudeerd zijn. De gehele nucleotide 
sequentie van drie vertegenwoordigers van deze klasse is opgehelderd en uit 
vergelijking van deze sequenties blijkt dat ze vrijwel identiek zijn. 
Om een beter inzicht te verkrijgen in de biologie van de filamenteuze 
fagen en met name om iets meer te weten te komen omtrent de evolutionaire 
verwantschap van de filamenteuze fagen onderling, hebben wij een 
gedetailleerde studie gemaakt van bacteriofaag IKe. Deze filamenteuze faag 
infecteert specifiek bacterie cellen die een plasmide uüt de 
incompatibiliteitb groep N bevatten. IKe adsorbeert dus specifiek aan N-pili. 
Ter introductie in de biologie van de filamenteuze fagen is in hoofdstuk 
I een korte samenvatting gegeven van onze huidige kennis van de filamenteuze 
fagen. 
Als eerste stap in de opheldering van de genetische organisatie van IKe, 
hebben we een faag-gecodeerd DNA bindend eiwit (DBP) geïsoleerd en hebben we 
de nucleotide sequentie van het gen dat codeert voor dit eiwit opgehelderd. 
Karakterisering van de eigenschappen van IKe DBP (Hoofdstuk II), toonde aan 
dat het eiwit specifiek en coöperatief bindt aan enkelstrengs en niet aan 
dubbelstrengs DNA en dat elk eiwit monomeer ongeveer vier nucleotiden van het 
DNA bedekt. Deze bindings eigenschappen lijken zeer sterk op die van het 
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enkelstrengs DNA bindend eiwit (gen V eiwit, GVP) gecodeerd door Ff. 
Vergelijking van de aminozuur volgorde van IKe DEP en GVP toont aan dat 39 van 
de 88 residuen eenzelfde positie hebben in beide eiwitten. Dit was een eerste 
aanwijzing voor een evolutionaire relatie tussen IKe en Ff. Bovendien kon op 
grond van de sterk op elkaar lijkende eigenschappen van de twee eiwitten een 
belangrijke rol m het DNA bindings proces worden toebedeeld aan bepaalde 
geconserveerde aminozuur residuen. Uit het feit dat wij instaat zijn geweest 
aan te tonen dat de biologische functie van IKe DBP en GVP uitwisselbaar zijn 
(Hoofdstuk VII) blijkt dat deze aminozuren inderdaad een essentiële functie 
hebben. 
Hoofdstuk III beschrijft de opheldering van de complete nucleotide 
sequentie van het IKe DNA. Dit virale genoom omvat 6883 nucleotiden hetgeen 
476 (475) nucleotiden groter is dan de nucleotide sequentie van Ff. 
Vergelijking van de IKe sequentie met die van Ff toont aan dat beide fagen 
evolutionair verwant zijn. De homologie bedraagt ongeveer 55%. Ofschoon deze 
waarde relatief laag is, blijkt dat de genetische organisatie van beide fagen 
vrijwel identiek іь. Beide fagen bezitten dezelfde set van 10 homologe genen 
waarvan de volgorde op het genoom identiek is. De mate van homologie van de 
genen (en dus van de genproducten) verschilt sterk van gen tot gen. Over het 
algemeen zijn de genen waarvan de producten manteleiwitten van de faag 
representeren (de genen III, VI, VII, VIII en IX) minder homoloog dan de genen 
waarvan de producten betrokken zijn bij de DNA replicatie (de genen II en V en 
mogelijk ook X) en faag morfogenese (de genen I en IV). 
Vergelijking van de aminozuur volgorden van de gen III eiwitten van IKe 
en Ff toont aan dat er tijdens het evolutieproces van deze twee coli-fagen 
ingrijpende veranderingen in juist deze genen zijn opgetreden. Aangezien het 
gen III eiwit verantwoordelijk is voor de herkenning van de pill is het 
waarschijnlijk dat deze veranderingen geleid hebben tot fagen met een 
verschillende gastheer specificiteit. 
Uit de vergelijking van de aminozuur volgorde van het hoofd-manteleiwit 
van IKe met de aminozuur sequentie zoals die kan worden afgeleid van de DNA 
sequentie van het corresponderende gen (gen VIII), blijkt dat dit eiwit 
(evenals gen VIII eiwit van Ff) in de vorm van een precursor eiwit wordt 
gesynthetiseerd. Deze precursor bevat 29 extra aminozuren aan het N-terminale 
uiteinde (23 in Ff gen VIII eiwit). Onze gegevens suggereren bovendien dat, 
evenals gen III eiwit van Ff, ook gen III eiwit van IKe als een precursor 
eiwit wordt gesynthetiseerd. In dit geval bedraagt het aantal extra aminozuren 
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vermoedelijk 19 (18 in Ff). 
Behalve de homologie tussen de structurele genen, bestaat er tevens een 
grote mate van homologie tussen verschillende regulatoire elementen van IKe en 
Ff. Een van deze elementen is het /гЛо-onafhankelijke transcriptie terminenngs 
signaal dat gelegen is achter gen VIII. Belangrijker is echter de waarneming 
dat verschillende structurele elementen die gelegen zijn in het intergene 
gebied (IR) tussen de genen IV en II, en waarvan bekend is, althans bij Ff, 
dat ze betrokken zijn bij het DNA replicatie proces, sterk geconserveerd 
zijn. Het feit dat met name de sequenties van de oorsprong voor complementaire 
streng synthese ((-)-origin) en de knipplaats voor gen II eiwit (= oorsprong 
voor virale streng synthese of (+)-origin) vrijwel identiek zijn, suggereert 
dat het DNA replicatie proces van IKe en Ff vrijwel identiek verloopt. 
Opmerkelijke verschillen zijn echter ook aanwezig. Zo bevat de IR van IKe drie 
extra DNA sequenties, elk ongeveer 80 nucleotiden lang, die niet voorkomen in 
Ff. Bovendien bevat de IR van IKe geen DNA sequentie die homoloog is aan 
domein В (ook wel replication enhancer genoemd) welke een belangrijke functie 
vervult in de initiatie van virale streng replicatie in Ff. Deze genoemde 
homologieen en opvallende verschillen tussen de IR's van IKe en Ff, hebben ons 
ertoe bewogen de replicatie van IKe en Ff (en met name de rol van gen II 
eiwit) nader te bestuderen. 
In hoofdstuk IV beschrijven we de klonering in een plasmide van 
restrictie fragmenten die verschillende delen van de IR van IKe bevatten. Met 
behulp van deze plasmiden konden we aantonen dat de (+)-origin van IKe ten 
hoogste 89 nucleotiden groot is en dat voor de replicatie van IKe geen 
sequentie nodig is die vergelijkbaar is met domein В van Ff. Bovendien zijn we 
er met behulp van gekloneerd gen II en gen II ambermutanten van IKe en Ff in 
geslaagd aan te tonen dat de biologische functies van gen II eiwit van IKe en 
Ff niet uitwisselbaar zijn. 
Ofschoon de gen II eiwitten van IKe en Ff elkaar niet complementeren is 
de (+)-origin van IKe niet geheel inert voor gen II eiwit van Ff. Deze 
conclusie is gebaseerd op de waarneming dat klonering in M13mp8 van IKe 
fragmenten die de (+)-origin bevatten alleen recombinant fagen oplevert waarin 
de oriëntatie van de IKe (+)-origin tegengesteld is aan die van M13mp8. Om dit 
verschijnsel nader te bestuderen hebben we recombinant plasmiden geconstrueerd 
waarin de origins van IKe en Ff samen aanwezig zijn en wel zodanig dat zij 
dezelfde dan wel de tegengestelde oriëntatie bezitten (Hoofdstuk V). Indien 
cellen die deze plasmiden bevatten met ofwel IKe ofwel Ff worden geïnfecteerd, 
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dan blijkt alleen initiatie van faag DNA replicatie plaats te vinden op de 
origin die afkomstig is van dezelfde faag als het aanwezige gen II eiwit. 
Bovendien treedt er een fusie op tussen de IKe en de Ff (+)-origins onder 
invloed van gen II eiwit indien deze origins m dezelfde oriëntatie voorkomen. 
Indien de oriëntatie van de (+)-origins tegengesteld is, wordt slechts een 
origin gebruikt nl. die welke identiek is aan die van de infecterende faag. De 
andere (+)-origin wordt kennelijk niet gebruikt en heeft geen invloed op de 
DNA replicatie. Deze resultaten tonen aan dat initiatie van replicatie op de 
(+)-origin een faag specifiek proces is terwijl terminatie van replicatie dat 
niet is. 
Bovengenoemde eigenschappen en het feit dat plasmiden die de (+)-origin 
plus het signaal voor faag morphogenese bevatten ingepakt kunnen worden in 
enkelstrengs vorm in faag-achtige deeltjes, heeft ons de unieke mogelijkheid 
geboden een geheel nieuwe klonermgs/sequentie vector te construeren 
(Hoofdstuk VI). Deze vector, pKUN9, bevat in tegengestelde oriëntatie de (+)-
origin en het aangrenzende morfogenese signaal van zowel IKe als Ff. Hierdoor 
is het mogelijk selectief beide strengen van het dubbelstrengs plasmi de in de 
enkelstrengs vorm in te pakken in op fagen lijkende deeltjes. Hierdoor is het 
mogelijk de DNA sequentie van beide strengen van een DNA fragment dat 
gekloneerd is in pKUN9 op te helderen. 
In faag Ff is de expressie van de genen V, VII en IX strikt gereguleerd, 
maar tot nu toe zijn de mechanismen waarmee deze regulatie in de geïnfecteerde 
cel plaatsvinden nog steeds niet volledig duidelijk. Aangezien de structuur en 
organisatie van deze genen sterk lijkt op die van IKe (zie hoofdstuk III), 
hebben wij getracht een beter beeld te krijgen van de expressie van deze genen 
in IKe. Om deze expressie goed te kunnen bestuderen zijn conditioneel lethale 
mutanten onmisbaar. Daartoe hebben we met behulp van -иг -иЫо plaatsgerichte 
mutagenese amber mutaties aangebracht op specifieke plaatsen in de genen V, 
VII en IX. Met behulp van deze mutanten tonen wij aan dat de expressie van gen 
IX afhankelijk is van de expressie van gen VII terwijl de expressie van gen 
VII onafhankelijk is van de expressie van gen V. De expressie van gen IX van 
Ff is net als gen IX van IKe afhankelijk van gen VII expressie. In 
tegenstelling tot IKe is de expressie van gen VII van Ff echter ook 
afhankelijk van de expressie van gen V. 
Onze resultaten suggereren dat een secundaire RNA structuur aanwezig op 
de grens van gen VII en gen IX verantwoordelijk is voor de gekoppelde 
expressie van deze genen. De aanwezigheid van deze RNA structuur verhindert 
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binding van ribosomen op de ribosoom bindingsplaats van gen IX. Dit gen komt 
daarom alleen tot expressie indien ribosomen die gen VII vertalen de 
secundaire RNA structuur verbreken. Het feit dat gen VII eiwit, en als gevolg 
van de gekoppelde expressie ook gen IX eiwit, in de geïnfecteerde cel slechts 
in geringe hoeveelheden worden aangemaakt is vermoedelijk het gevolg van de 
zwakke ribosoom bindingsplaats van gen VII. Bovendien is het mogelijk dat de 
veelvuldige expressie van gen V de frequentie van binding van ribosomen op de 
ribosoom bindingsplaats van gen VII sterk negatief beïnvloedt vanwege het feit 
dat deze genen elkaar enigszins overlappen. 
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^cE4 stam, mag niet uit hun experimentele gegevens worden afgeleid. 
Rapoport, G., Klier, Α., Billault, Α., Fargette, F. & Dedonder, R. (1978) Поі. 
Сел. Çene±. 176, 239-245 
ν 
Voor succesvolle uitscheiding van cytoplasmatische eiwitten met behulp 
van secretie vectoren, zijn behalve de export signalen van de gebruikte 
vector, de structuur en de eigenschappen van het cytoplasmatische eiwit 
eveneens van essentieel belang. 
VI 
Sequentie specifieke remming van genfuncties met behulp van antisense-RNA 
kan een belangrijke bijdrage leveren aan de opheldering van de regulatie van 
de gen expressie. 
Melton, D.A. (1985) P/ioc. Nail. Acad. Sc¿. U.S.A. 82, 144-148 
Rosenberg, U.B., Preiss, Α., Seifert, E., Jaeckle, Η. & Knippe, D.C. (1985) 
/ аіиле. 313, 703-706 
VII 
Het door Brunori & Talbot voorgestelde mechanisme van Prion replicatie 
dient experimenteel getoetst te worden. 
Brunori, M. & Talbot, B. (1985) / иіиж 314, 676 
VIII 
Vanwege de sterke toename van de totale hoeveelheid nucleotide sequentie 
gegevens enerzijds en de behoefte structurele en functionele eigenschappen van 
grote DNA moleculen eenvoudig te kunnen herkennen anderzijds, dient het 
gebruik van alternatieve methoden voor de representatie van nucleotide 
sequenties serieus overwogen te worden. 
Hamori, E. & Ruskin, J. (1983) J. Biol. Chem. 258, 1318-1327 
IX 
Het ontstaan van haemoglobine Parchman is waarschijnlijk het gevolg van 
genconversie en niet van een dubbele crossing-over binnen één gen. 
Adams, J.N., Morrison, W.T. & Steinberg, M.H. (1982) Science. 218, 291-293 
Χ 
Het verdient aanbeveling de gegevens van alle databanken voor DNA en 
eiwit sequenties te bundelen. 
XI 
Volgens de officiële richtlijnen van de Katholieke Universiteit van 
Nijmegen betreffende de indeling van het proefschrift, dient de naam van de 
promotor(es) op de achterkant van de titelpagina te worden vermeld. Uit het 
feit dat in het merendeel van de Nijmeegse proefschriften de naam van de 
promotor(es) op de achterkant van de franse titel staat, kan men afleiden dat 
het verschil tussen franse titel en titelpagina hier kennelijk niet duidelijk 
is. 
XII 
Gezien de huidige tarieven van babysitters dienen ouders van kleine 
kinderen de uitdrukking "op de kleintjes letten", letterlijk te nemen. 
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